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TECHNICAL  SUMMARY 


A  series  of  experiments  have  been  conducted  to  provide  a  pharmacokinetic 
data  base  for  interspecies  comparisons  and  for  formulation  and  validation  of 
physiologically-based  pharmacokinetic  models.  The  basic  experimental  design  has 
involved  giving  equal  doses  of  halocarbons  in  different  species,  including  mice, 
rats,  and  dogs.  Perchloroethylene  (PCE),  tetrachloroethane  (TET) , 
trichloroethylene  (TCE) ,  and  trichloroe thane  (TRI)  have  been  employed  as  test 
chemicals,  in  order  to  evaluate  the  relative  importance  of  the  physicochemical 
property  of  volatility  on  the  kinetics  and  toxicity  of  halocarbons.  In  order  to 
determine  the  dose  received  in  target  organs  and  other  tissues,  serial  samples 
of  brain,  liver,  kidney,  lung,  heart,  skeletal  muscle,  and  adipose  tissue  have 
been  taken  and  analyzed  for  halocarbon  content  after  administration  of  PCE,  TET, 
and  TRI  in  rats,  and  PCE  and  TET  in  dogs.  For  neurobehavioral  studies,  an 
operant  testing  system  and  rotorod  system  have  been  employed  for  monitoring  the 
central  nervous  system  effects  of  halocarbons.  Neurobehavioral  studies  have  been 
conducted  following  oral  and  inhalation  exposure  to  PCE,  and  from  inhalation 
exposure  to  TRI  in  rats.  Neurobehavioral  depression  was  compared  with  uptake  of 
PCE  and  TRI  in  the  brain  and  blood  of  rats,  and  with  TRI  in  mice.  The  direct 
measurements  of  halocarbon  concentrations  in  exhaled  breath,  blood  and  tissues 
have  provided  an  extensive  data  base  that  has  been  used  to  formulate  and  validate 
the  physiologically-based  pharmacokinetic  (PBPK)  models  for  exposure  to 
halocarbons.  The  partition  coefficients  for  developing  PBPK  models  for  rats  and 
dogs  were  determined  from  detailed  tissue  determinations  in  these  species.  Using 
the  direct  measurements  data,  the  ability  of  the  PBPK  models  to  generate  accurate 
predictions  of  halocarbon  concentrations  were  evaluated  in  blood,  exhaled  breath, 
and  seven  tissues. 


I. 


OVERALL  OBJECTIVE  AND  SPECIFIC  AIMS 


The  overall  objective  of  this  project  is  to  investigate  the  scientific 
basis  for  the  interspecies  extrapolation  of  pharmacokinetic  and  neurobehavioral 
toxicity  data.  Direct  measurements  of  the  respiratory  elimination  and  tissue 
concentrations  of  halocarbons  over  time  in  two  species  will  be  used  to  formulate 
and  validate  physiologically-based  pharmacokinetic  models  for  halocarbon 
exposure.  These  models  will  be  used  for:  (a)  prediction  of  the  time -course  of 
the  respiratory  elimination  and  target  organ  levels  of  halocarbons;  (b) 
interspecies  extrapolations  (i.e.,  scale-up  from  smaller  to  larger  laboratory 
animals  and  ultimately  to  man).  A  combined  physiological  pharmacokinetic - 
toxicodynamic  model  for  halocarbon  exposure  will  subsequently  be  developed  and 
evaluated  for  its  ability  to  predict  neurobehavioral  effects  under  specified 
exposure  conditions . 

SPECIFIC  AIMS  in  the  proposed  studies  are  to: 

1)  Determine  the  respiratory  elimination  of  physicochemically  clirpirate 
volatile  organic  compounds  (VOCs)  in  two  animal  species.  Rats  and  dogs 
will  be  administered  selected  halocarbons  by  inhalation  and  oral  exposure. 
Concentrations  of  expired  parent  compounds  will  be  monitored  in  the 
exhaled  breath  for  appropriate  periods  during  and  following  exposure . 
Together  with  monitoring  of  the  respiratory  volumes  of  the  test  animals, 
this  data  will  enable  calculation  of  the  cumulative  uptake  and  elimination 
of  the  halocarbons.  Data  from  both  species  will  be  compared  to  existing 
data  sets  for  respiratory  elimination  in  humans. 

2)  Delineate  the  tissue  disposition  of  inhaled  halocarbons  in  two  animal 
species.  Rats  and  dogs  will  be  exposed  to  halocarbons  by  inhalation. 
Concentrations  of  the  parent  compound  in  brain,  liver,  heart,  lung, 
kidney,  skeletal  muscle,  and  adipose  tissue  will  be  measured  over  time,  in 
order  to  provide  an  assessment  of  the  actual  target  organ  dose  for 
correlation  with  neurobehavioral  toxicity  and  for  development  and 
validation  of  physiologically-based  pharmacokinetic  and  toxicodynamic 
models . 

3)  Validate  physiologically-based  pharmacokinetic  (PBPK)  models  for 
predicting  the  tissue  pharmacokinetics  of  halocarbons  in  two  animal 
species.  PBPK  models  that  have  been  initially  developed  in  rats  in  our 
previous  studies,  with  blood  and  expired  air  data  for  inhalation  exposures 
and  with  tissue  data  for  intraarterial  and  oral  exposures,  will  be  further 
validated  for  accuracy  in  interspecies  extrapolations.  Direct 
measurements  of  exhaled  breath  and  tissue  concentrations  and  associated 
parameters  in  rats  and  dogs  in  the  initial  two  phases  of  the  presently 
proposed  project  will  be  used  to  further  test  the  accuracy  of  our  PBPK 
models.  Models  will  be  developed  each  for  the  rat  and  the  dog.  The 
observed  animal  data  and  pharmacokinetic  parameters  will  be  used  to 
formulate  allometric  relationships  which  can  then  be  used  to  predict  hiaman 
disposition  of  halocarbons. 

4)  Correlate  the  neurobehavioral  toxicity  of  inhaled  VOCs  in  two  species  with 
the  target  organ  concentration.  Rats  and  dogs  will  be  exposed  to  selected 
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halocarbons  at  defined  inhaled  concentrations  and  lengths  of  exposure. 
Neurobehavioral  tests  for  operant  performance  will  be  performed 
periodically  during  and  after  exposures.  The  magnitude  of  central  nervous 
system  (CNS)  effects  of  each  solvent  will  be  correlated  with  the  target 
organ  (i.e.,  brain)  halocarbon  concentration,  as  determined  in  (2),  at 
each  time-point.  Thereby,  it  will  be  possible  to  determine  whether 
equivalent  target  organ  doses  in  the  rats  and  dogs  elicit  CNS  effects  of 
comparable  magnitude  in  each  species. 

5)  Develop  and  validate  toxicodynamic  models  ior  inhaled  halocarbons.  Brain 
halocarbon  concentrations  will  be  correlated  with  the  magnitude  of 
neurobehavioral  toxicity  in  an  appropriate  equation.  These  relationships 
will  be  used  in  conjunction  with  the  PBPK  model  developed  in  (3).  The  CNS 
effects  observed  in  (4)  will  be  compared  to  predicted  effects  to  assess 
the  validity  of  the  model  in  the  two  species  tested.  Validated  models  may 
allow  the  prediction  of  CNS  effects  over  time  of  exposure  using:  a) 
extrapolations  from  pharmacokinetic  data;  b)  simulations  in  the  absence  of 
experimental  data. 

II.  FUNDAMENTAL  HYPOTHESIS  TESTING 

A  very  important  question  faced  by  scientists  and  administrators  conducting 
risk  assessments  is  the  relevance  of  toxic  effects  seen  in  animals  to  anticipated 
adverse  effects  in  humans.  Pharmacokinetic  studies  are  playing  an  increasingly 
important  role  in  species  to  species  extrapolations  in  toxicology.  Blood 
concentration  over  time,  as  a  measure  of  bioavailability,  is  routinely  accepted 
as  an  index  of  the  level  of  chemical  in  the  entire  system,  and  therefore  a 
representative  parameter  of  toxic  effects.  This  assumption  can  be  misleading, 
in  that  blood  concentrations  may  not  be  reflective  of  the  concentration  of 
chemical  or  active  metabolite  at  the  local  site  of  effect  in  a  target  organ  or 
tissue.  It  is  now  recognized  that  chemical  toxicity  is  a  dynamic  process,  in 
which  the  degree  and  duration  of  toxic  effect  in  each  tissue  is  dependent  upon 
systemic  absorption,  tissue  distribution,  interactions  with  cellular  components, 
and  clearance  from  the  tissue  and  body  by  metabolism  and  excretion.  Estimation 
of  the  risk  of  toxic  injury  from  pharmacokinetic  data  is  based  on  the  assumption 
that  the  intensity  of  the  response  from  a  given  dose  is  dependent  upon  the 
magnitude  of  the  dose  received  by  a  target  tissue.  A  related  assumption  can  be 
stated  in  the  form  of  a  HYPOTHESIS: 

THE  DOSE  RECEIVED  IN  A  PARTICULAR  TARGET  TISSUE  IN  ONE  SPECIES  WILL  HAVE  THE  SAME 
DEGREE  OF  EFFECT  AS  AN  EQUIVALENT  TARGET  TISSUE  DOSE  IN  A  SECOND  SPECIES. 

There  are  surprisingly  few  scientific  data  that  are  applicable  to  this 
basic  assumption,  although  it  is  a  very  important  premise  in  interspecies 
extrapolations  in  toxicology.  If  valid,  it  is  a  logical  basis  on  which  to 
evaluate  the  suitability  of  different  species  as  predictors  of  toxicity  in  humans 
(i.e. ,  the  species  in  which  target  organ  deposition  is  most  similar  to  man  would 
likely  be  an  appropriate  animal  model  for  toxicity  testing) . 

A  series  of  parallel  studies  in  different  animal  species  is  therefore  being 
employed  to  test  the  foregoing  hypothesis.  The  rat  and  dog  have  been  subjected 


to  equivalent  exposure  to  halocarbons.  Similarities  and  differences  in 
respiratory  elimination,  tissue  disposition,  and  toxicity  between  the  species  are 
being  determined.  Neurobehavioral  alterations  will  be  used  as  a  toxic  end-point 
in  the  currently  proposed  work,  since:  a)  OSHA  and  EPA  commonly  use 
neurobehavioral  effects  as  the  basis  for  deriving  standards  for  exposure  to  VOCs ; 
b)  central  nervous  system  (CNS)  depression  is  caused  by  and  can  be  directly 
correlated  with  the  concentration  of  parent  compound  in  the  CNS. 


III.  ANALYTICAL  DETERMINATIONS  OF  HALOETHANES  AND  HALOETHENES  IN  TISSUES 

A  paper  has  been  published  in  a  scientific  journal  on  the  method  that  was 
developed  for  tissue  determinations  of  aliphatic  halocarbons.  The  reprint  of 
this  paper  is  included  as  section  A  of  the  appendix,  and  the  reference  is  as 
follows : 

Chen,  X.M. ,  Dallas,  C.E.,  Muralidhara,  S.,  Srivatsan,  V.,  and 
Bruckner,  J.V.  "Analyses  of  volatile  C2  haloe thanes  and  haloethenes 
in  tissues;  sample  preparation  and  extraction."  Journal  of 
Chromatography  612:  199-208  (1993). 

Characterization  of  the  systemic  uptake,  distribution  and  elimination  of 
volatile  organic  compounds  (VOCs)  requires  reliable  analytical  techniques  for 
measuring  the  concentration  of  the  chemicals  in  different  tissues  of  the  body. 
An  extraction  procedure  was  developed  which  minimized  loss  of  the  readily 
volatilizable  compounds,  so  that  they  could  subsequently  be  quantified  by 
headspace  gas  chromatography.  The  procedure  was  evaluated  using  four  C2 
halocarbons  [  i .  e  .  ,  perchloroethylene  (PCE) ,  1 , 1 , 1- trichloroe thane  (TRI) ,  1, 1,2,2- 
tetrachloroethane  (TET) ,  and  1,1,2-trichloroethylene  (TCE) ]  of  varying 
physicochemical  properties.  Portions  of  0.5  to  1  g  of  liver,  kidney,  brain, 
heart,  lung,  skeletal  muscle,  fat  and  blood  from  rats  were  spiked  with  PER  to 
yield  a  theoretical  concentration  of  4  pg/g  tissue.  Two  homogenization 
procedures  were  evaluated:  (a)  tissues  were  homogenized  in  saline,  followed  by 
isooctane  extraction;  and  (b)  tissues  were  homogenized  in  isooctane  and  saline 
(4:1,  v:v).  The  latter  approach  resulted  in  a  significantly  higher  percent 
recovery  of  PCE  from  most  tissues.  Neither  homogenization  nor  the  presence  of 
saline  affected  PCE  standards  prepared  in  isooctane.  It  was  observed  that  the 
volume  of  the  aliquot  of  isooctane  taken  for  PCE  analysis  was  important,  in  that 
aliquots  >25/il  could  not  be  used.  PCE  concentrations  were  determined  in  tissues 
or  rats  following  in  vivo  (i.e.  intraarterial  administration)  of  the  halocarbon 
using  the  latter  (i.e.,  isooctane)  homogenization  approach.  This  approach  was 
also  employed  to  examine  the  efficiency  of  recovery  of  PCE,  TET,  TRI,  and  TCE 
from  seven  tissues  and  from  blood.  Percent  recoveries  of  each  of  the  four 
halocarbons  ranged  from  73-104%  for  the  seven  spiked  tissues.  The  recoveries  die 
not  appear  to  be  tissue -dependent,  despite  differences  in  homogenization  time 
required  for  different  tissues.  Recovery,  however,  did  vary  somewhat  with  test 
chemical,  with  the  least  volatile,  most  lipophilic  compounds  exhibiting  the 
highest  recovery. 
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IV.  UTILIZATION  OF  TISSUE  CONCENTRATION-TIME  COURSE  DATA  FOR  PBPK  MODEL 

DEVELOPMENT  FOR  PCE 

Although  knowledge  of  the  deposition  of  chemicals  in  target  tissues  is  of 
major  importance  in  risk  assessment,  PBPK  models  have  to  date  been  used  primarily 
to  forecast  uptake  and  elimination  of  VOCs  from  the  bloodstream.  Blood 
concentration  over  time,  as  a  measure  of  bioavailability,  is  routinely  accepted 
as  an  index  of  the  level  of  chemical  in  the  body,  and  therefore  a  representative 
index  of  toxic  effects.  This  assumption  can  be  misleading  in  that  blood 
concentrations  may  not  be  reflective  of  the  concentration  of  chemical  or  active 
metabolite  at  the  local  site  of  effect  in  a  target  tissue.  Thus,  a  more  logical 
measure  of  target  organ  exposure  is  the  area  under  the  tissue  versus  time  curve 
for  the  reactive  chemical.  Relatively  little  has  been  published  on  the  use  and 
validation  of  PBPK  models  for  prediction  of  time  integrals  of  tissue  exposure  of 
VOCs,  because  of  a  paucity  of  tissue  concentration  versus  time  data  sets.  This 
lack  of  a  data  base  is  due  to  the  considerable  effort  required  in  such  studies 
and  to  technical  problems  with  quantitation  of  the  volatile  chemicals  in  solid 
tissues . 

The  design  of  physiologically-based  models  incorporates  anatomical  and 
physiological  characteristics  of  the  test  animal,  as  well  as  physicochemical 
properties  and  biochemical  constants  specific  to  the  chemical  being  studied. 
Specific  organs  or  groups  of  organs  with  common  properties  are  characterized  in 
regard  to  their  intrinsic  volijmes  and  blood  flow  rates.  Chemicals  are  defined 
in  respect  to  their  partition  coefficients  and  metabolic  rates.  Since  we  are 
working  with  volatile  chemicals,  provision  is  made  not  only  for  metabolism  but 
for  pulmonary  input  and  output.  The  modeling  approach  provides  a  relevant 
description  of  movement  of  a  halocarbon  through  the  body  of  the  test  animal, 
since  it  takes  into  account  important  factors  which  govern  the  pharmacokinetics 
of  halocarbons . 

The  tissue  disposition  of  perchloroethylene  (PCE)  was  determined 
experimentally  in  rats  in  order  to  1)  obtain  model  input  parameters  form  in  vivo 
data  for  the  development  of  physiologically  based  pharmacokinetic  (PBPK)  model, 
and  2)  foreca.i,w  the  disposition  of  FCE  in  a  variety  of  tissues  following 
inhalation  exposure.  For  the  derivation  of  model  input  parameters,  male  Sprague- 
Dawley  rats  received  a  single  bolus  of  10  mg  PCE/kg  bw  in  polyethylene  glycol  400 
by  intraarterial  injection  through  an  indwelling  carotid  arterial  cannula.  For 
the  testing  of  the  PBPK  model  simulations,  male  Sprague -Dawley  rats  inhaled  500 
ppm  PCE  for  2  hours  in  dynamic  exposure  inhalation  chambers.  Serial  samples  of 
brain,  liver,  kidney,  lung,  heart,  skeletal  muscle ,  perirenal  adipcse  tissue,  and 
blood  were  taken  for  up  to  48  hr  following  ia  administration  and  during 
inhalation  exposure  and  up  to  72  hr  post-exposure.  Blood  and  tissue  PCE 
concentrations  were  analyzed  using  a  gas  chromatography  headspace  technique.  A 
PBPK  model  was  developed  using  these  parameters  derived  form  ia  data  and  used  to 
make  predictions  of  the  tissue  concentrations  in  each  of  the  model  compartments 
during  and  following  PCE  inhalation  exposure.  Overall,  predicted  tissue 
concentrations  were  in  agreement  with  the  direct  measurements  conducted  over  time 
in  the  sever  tissues  and  in  blood. 


This  study  has  been  described  in  a  manuscript  that  is  now  being  submitted 
to  the  journal,  Toxicology  and  Applied  Pharmacology.  The  manuscript  is  included 
as  Section  B  of  the  Appendix,  and  the  citation  is  as  follows: 

Dallas,  C.E.,  Chen,  X.M. ,  O’Barr,  K. ,  Muralidhara,  S.,  Varkonyi,  P.  , 
and  Bruckner,  J.V.  "Development  of  a  Physiologically  Based  Model 
for  Perchloroethylene  Pharmacokinetics  Using  Tissue-  Concentration 
Time  Data" 

The  use  of  tissue  concentration  time  data  was  therefore  shown  to  be  of 
significant  utility  in  the  development  of  PBPK  models.  Model  parameters 
estimation  is  aided  for  tissue :blood  partition  coefficients,  as  direct 
measurements  can  be  used  to  determine  these  values  for  as  many  model  compartments 
as  is  feasible  in  the  experimental  design.  Determination  of  the  reliability  of 
the  model  predictions  of  tissue  concentrations  in  each  compartment  using  this 
approach  could  be  useful  in  improving  the  accuracy  of  risk  assessments  related 
to  target  organ  disposition  of  VOCs. 


V.  EVALUATION  OF  PBPK  MODEL  PREDICTIONS  OF  PCE  UPTAKE  AND  RESPIRATORY 
ELIMINATION 

The  objective  of  this  phase  of  the  project  is  to  evaluate  the  accuracy  of 
the  PBPK  models,  which  allows  prediction  of  the  concentration  of  halocarbons  in 
exhaled  breath  and  tissues  over  time  following  inhalation  exposure.  The 
pharmacokinetic  studies  conducted  in  the  project  provide  a  unique  data  base  from 
which  to  test  the  model.  Data  from  the  direct  measurements  of  exhaled  breath  and 
blood  concentrations  have  been  compared  to  simulated  values  calculated  from  mass- 
balance  differential  equations  comprising  the  model.  Thereby,  the  accuracy  of 
the  model  is  being  tested  and  adjustments  made  where  necessary  to  improve  the 
model  simulations. 

Toward  this  end,  the  pharmacokinetics  of  perchloroethylene  (PCE)  was 
studied  in  male  Sprague -Dawley  rats  to  characterize  systemic  uptake  and 
respiratory  elimination  by  direct  measurements  of  the  inhaled  compound.  Fifty 
or  500  ppm  PCE  was  inhaled  for  2  hr  through  a  one-way  breathing  valve  by 
unanesthetized  male  Sprague -Dawley  rats  of  325-375  g.  Serial  samples  of  separate 
inhaled  and  exhaled  breath  streams,  as  well  s  arterial  blood,  were  collected 
during  and  following  PCE  inhalation  and  analyzed  by  headspace  gas  chromatography 
(GC). 

The  studies  involved  in  the  testing  of  the  PBPK  model  have  been  included 
in  a  manuscript,  which  is  also  being  submitted  to  Toxicology  and  Applied 
Pharmacology,  the  manuscript  is  included  as  Section  C  of  the  Appendix,  and  the 
citation  is  as  follows: 

Dallas,  C.E. ,  Muralidhara,  S.,  Chen,  X.M. ,  Ramanathan,  R.  ,  Varkonyi, 

P. ,  Gallo,  J.M.,  and  Bruckner,  J.V.  "Characterization  of 
Perchloroethylene  Uptake  and  Respiratory  Elimination  for  Evaluating 
Physiologically  Based  Model  Predictions" 


7 


As  part  of  the  respiratory  elimination  studies  to  be  conducted  in  the 
current  proposal,  respiratory  volumes  were  directly  measured.  In  addition  to  the 
calculation  cf  cumulative  uptake  during  exposure  and  elimination  following 
exposure,  i*'''’'itored  respiratory  volumes  were  useful  in  providing  accurate  values 
for  use  ’u  the  PBPK  models.  Substantial  variations  in  the  magnitude  of 
respiratory  parameters  can  occur  in  the  same  species  due  to  stress,  age 
differences  animal  care  procedures,  variability  in  animals  provided  by  different 
vendors,  and  differences  in  respiratory  monitoring  techniques  in  different 
laboratories.  Thus,  the  use  of  published  values  for  input  into  the  PBPK  models 
may  lead  to  inaccurate  predictions.  The  magnitude  of  the  administered  dose  and 
quantity  of  compound  exhaled  during  inhalation  exposures  are  highly  dependent  on 
the  rate  and  volumes  of  respiration  since  exhalation  is  the  primary  route  of 
elimination  for  PER  and  TET. 

Parameters  for  a  blood  flow  limited  physiologically-based  model  were 
determined  from  tissue  concentration- time  data  in  the  manuscript  in  Appendix  B, 
and  a  model  characterized  with  PCE  eliminated  in  the  exhaled  breath  and  to  a 
limited  extent  by  liver  metabolism.  PCE  concentrations  in  the  blood  and  exhaled 
breath  were  well  predicted  by  the  PBPK  model. 

The  ability  of  the  current  PBPK  model  to  predict  disposition  of  PCE 
increases  the  confidence  in  the  ucility  of  the  model  in  health  risk  assessments. 
The  use  of  ia  tissue  concentration-time  data  for  establishing  PBPK  model 
parameters  was  found  to  be  helpful  in  developing  a  model  to  provide  accurate 
predictions  both  during  and  following  inhalation  exposure. 

VI.  INTERSPECIES  COMPARISONS  IN  PBPK  MODEL  PARAMETERS  ESTIMATION 

Similarities  in  the  anatomy  and  physiology  of  mammalian  species  make 
interspecies  extrapolations  (i.e.  animal  scale-up)  possible.  Models  developed 
in  a  series  of  species  may  be  scaled  based  on  allometric  relations  to  allow 
prediction  of  chemical  concentrations  in  other  species  without  the  collection  of 
additional  experimental  data.  Model  parameters  such  as  tissue  volumes  and  blood 
flows  can  be  scaled  based  on  allometric  relationships  which  are  functions  of 
animal  weight.  The  ability  to  scale-up  animal  physiological  models  to  humans  is 
a  powerful  tool  to  obtain  predictions  of  tissue  chemical  concentrations  in 
humans . 

One  need  in  development  of  the  PBPK  model  for  use  in  different  species  are 
tissue-blood  partition  coefficients.  Absorption  rates,  metabolism  constants  as 
well  as  other  model  input  parameters,  of  course,  these  parameters  ar  likely  to 
vary  considerably  between  species. 

The  tissue  disposition  of  perchloroethylene  (PCE)  was  determined 
experimentally  in  two  mammalian  species  of  markedly  different  size,  in  order  to 
obtain  model  input  parameters  for  in  vivo  data  for  the  development  of  a 
physiologic  'ly  based  pharmacokinetic  (PBPK)  model  to  forecast  the  disposition 
of  PCE  in  each  species.  Male  Sprague -Dawley  rats  and  male  beagle  dogs  received 
a  single  bolus  of  10  mg  PCE/kg  bw  in  polyethylene  glycol  400  by  gavage .  Serial 
samples  of  brain,  liver,  kidney,  lung,  heart,  skeletal  muscle,  perirenal  adipose 
tissue,  and  blood  were  taken  for  up  to  48  hr  following  PCE  administration.  Blood 


and  tissue  PCE  concentrations  were  analyzed  using  a  gas  chromatography  headspace 
technique.  While  the  blood: air  partition  coefficient  was  similar  to  that  value 
determined  using  n  vitro  data  in  the  literature,  tissue :blood  partition 
coefficients  were  1.4  to  2.8  times  greater  for  the  in  vivo  data  in  this  study 
compared  to  the  available  published  in  vitro  values.  The  PCE  blood: air  partition 
coefficient  for  the  dog  was  twice  that  of  the  rat,  and  the  tissue  :blood  partition 
coefficients  were  1.5  to  3.0  times  greater  in  the  rat  relative  to  the  dog. 

In  the  development  of  these  PBPK  models,  one  of  the  most  important  model 
parameters  is  the  tissue :blood  partition  coefficient.  This  value  governs  the 
rate  of  the  transfer  of  the  chemical  between  the  blood  and  each  of  the  tissue 
compartments  represented  by  the  model.  An  in  vivo  approach  to  deriving 
tissue '.blood  partition  coefficients  for  PBPK  models  has  been  described,  in  which 
the  tissue  -  concentration  time  course  of  the  test  chemical  is  employed.  While 
this  approach  provides  an  in  vivo  description  of  the  rate  of  transfer  of  the 
chemical  for  each  tissue  for  which  the  data  is  available,  there  has  been  little 
opportunity  for  its  use  because  of  the  paucity  of  detailed  tissue  concentration 
time  data  for  most  VOCs ,  including  PCE.  Therefore,  the  time  course  of  uptake, 
disposition,  and  elimination  of  PCE  in  blood  and  seven  tissues  was  determined  in 
two  species,  and  the  data  utilized  in  deriving  partition  coefficients  for  a  PBPK 
model  for  PCE. 

These  investigations  describing  PBPK  model  estimation  in  rats  and  dogs  for 
PCE  are  included  in  a  manuscript.  This  paper  is  presented  as  section  D  of  the 
Appendix,  and  the  citation  is  as  follows: 

Dallas,  C.E.,  Chen,  X.M. ,  Muralidhara,  S.,  Varkonyi,  P.  ,  Gallo, 

J.M.,  Tackett,  R.L.,  and  Bruckner,  J.V.  "Species  Differences 

Between  Rats  and  Dogs  in  Physiologically-Based  Model  Parameter 

Estimation  Using  Perchloroethylene  Tissue  Pharmacokinetics" 

Where  available,  in  vivo  tissue  concentration  time  data  can  help  to 
evaluate  in  vitro  data,  contribute  to  the  design  of  tissue  compartments  of  PBPK 
models,  and  test  important  assumptions  in  interspecies  scaling  of  the  models. 

VII.  UTILITY  OF  PBPK  MODEL  PREDICTIONS  BETWEEN  SPECIES,  DOSES,  AND 

ADMINISTRATIVE  ROUTE 

In  order  to  test  how  robust  the  PBPK  model  is  at  this  point  of  development, 
it  is  useful  to  test  the  predictive  ability  under  a  variety  of  experimental 
conditions . 

Pharmacokinetic  models  developed  in  a  series  of  species  may  be  scaled  based 
on  allometric  relations  to  allow  prediction  of  chemical  concentrations  in  other 
species  without  the  collection  of  additional  experimental  data.  Model  parameters 
such  as  tissue  volumes  and  blood  flows  can  be  scaled  based  on  allometric 
relationships  which  are  functions  of  animal  weight.  Changing  the  input 
parameters  for  the  concentration  of  chemical  entering  the  exposed  species  allows 
for  extrapolations  between  dose .  Altering  the  point  of  entry  of  the  chemical 
into  the  PBPK  model  enables  pharmacokinetic  comparisons  between  routes  of 
administration  using  an  otherwise  similar  modeling  approach. 


A  primary  objective  of  the  current  study  was  to  evaluate  the  accuracy  of 
a  PBPK  model  in  predicting  blood  levels  of  PCE  between  species,  exposure 
concentration  and  route  of  administration  in  comparison  to  observed  data  from 
matched  experiments  conducted  for  that  purpose.  Where  possible,  equivalent  doses 
were  administered  in  two  species  of  wide  variation  in  size,  the  rat  and  the  dog, 
and  a  variety  of  doses  used  in  each  species.  These  exposures  were  repeated  using 
two  routes  of  administration,  and  venous  blood  levels  over  time  were  used  to 
document  the  time  course  of  PCE  uptake,  disposition,  and  elimination  under  each 
of  the  experimental  regimens.  The  utility  of  the  PBPK  model  predictions  were 
then  evaluated  under  a  variety  of  experimental  conditions. 

A  manuscript  concerning  this  data  is  now  being  prepared.  The  current 
version  of  this  paper  is  included  as  section  E  of  the  Appendix,  and  the  citation 
is  as  follows; 

Dallas,  C.E.,  Chen,  X.M. ,  Muralidhara,  S.,  Varkonyi,  P.  ,  Tackett, 

R.L. ,  and  Bruckner,  J.V.  "Comparisons  Between  Species,  Doses,  and 
Routes  of  Administration  of  Perchloroethylene  Pharmacokinetics  Using 
a  Physiologically  Based  Pharmacokinetic  Model" 

It  was  demonstrated  that  the  PBPK  model  is  accurate  in  many  aspects  of  the 
experimental  conditions  tested  but  some  problems  exist.  Predicted  concentrations 
in  venous  blood  across  a  10-fold  range  of  doses  for  ia  administration  were 
accurate  in  rats.  In  dogs,  however,  there  was  some  overprediction  of  PCE 
concentrations  between  the  two  doses  tested. 


VIII.  PBPK  MODEL  PARAMETER  ESTIMATION  FOR  TET  USING  TISSUE  CONCENTRATION  TIME 

COURSE  DATA  IN  RATS  AND  DOGS 

The  PBPK  model  development  completed  for  PCE  in  the  two  species  was  then 
extended  to  TET. 

As  a  class  of  chemicals,  halocarbons  have  low  solubility  in  blood  and  high 
volatility  (i.e.,  low  bloodrair  partition  coefficients),  as  well  as  rapid 
vascular-alveolar  transfer.  Thus,  a  substantial  proportion  of  the  blood’s  burden 
of  halocarbons  should  be  removed  during  each  pass  through  the  lungs.  It  follows 
that  halocarbons  with  low  blood:air  partition  coefficients  should  be  more 
efficiently  eliminated  and  have  a  less  prolonged  CNS  depressant  action,  than 
halocarbons  with  relatively  high  partition  coefficients.  In  order  to  test  this 
PREMISE,  tetrachloroethylene  (PCE)  and  1 , 1 , 2 , 2- tetrachloroethane  (TET)  were 
utilized.  Both  PCE  an  TET  are  poorly  metabolized  (Ikeda  and  Ohtsuji,  1972)  and 
have  similar  oilrblood  (i.e.,  fat/blood)  partition  coefficients,  but  PCE  has  a 
much  lower  blood: air  partition  coefficient. 

The  ability  of  the  PBPK  model  to  accurately  predict  both  PCE  and  TET 
pharmacokinetics  would  demonstrate  the  capacity  of  the  model  for  halocarbons  of 
a  wide  variation  in  volatility. 
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The  studies  for  TET  PBPK  model  parameter  estimation  were  presented  at  the 
1993  meeting  of  the  Society  of  Toxicology.  The  citation  for  the  abstract  is  as 
follows : 

Dallas,  C.E.,  Chen,  X.M. ,  Muralidhara,  S.,  Varkonyi,  P.  ,  Tackett, 

R.L.  ,  Gallo,  J.M.,  and  Bruckner,  J.V.  "Determination  of 
physiologically-based  model  partition  coefficients  from  1, 1,2,2 - 
tetrachloroethane  (TET)  tissue  pharmacokinetics."  32nd  Annual 
Meeting  of  the  Society  of  Toxicology,  New  Orleans,  LA;  Toxicologist 
13:  173,  1993. 

In  order  to  improve  the  accuracy  of  physiologically-based  pharmacokinetic 
(PBPK)  model  predictions,  tissue :blood  partition  coefficients  were  estimated 
using  direct  measurements  of  tetrachloroethane  (TET)  in  rat  and  dog  tissue  sand 
blood.  Male  Sprague -Dawley  rats  received  a  single  bolus  of  10  mg/kg  of  TET  in 
polyethylene  glycol  by  oral  gavage  of  by  intraarterial  administration  through  an 
indwelling  carotid  arterial  cannula.  Male  beagle  dogs  received  a  single 
intraarterial  bolus  of  10  mg/kg  of  TET.  In  order  to  establish  a  steady-state 
equilibrium  in  test  animals,  other  male  beagle  dogs  were  given  a  loading  dose  of 
5  mg/kg  via  a  jugular  vein  for  4  hours. 

Serial  samples  of  brain,  liver,  kidney,  lung,  he.'rt,  skeletal  muscle, 
adipose  tissue,  and  blood  were  taken  up  to  24  hr  following  TET  administration 
from  the  animals  in  each  of  these  test  groups.  Percent  recovery  of  TET  from 
tissues  was  also  determined  for  rats  and  dogs,  using  isolated  tissues  spiked  with 
known  concentrations  of  TET.  Blood  and  tissue  concentrations  were  analyzed  for 
TET  content  using  a  GC-ECD  headspace  technique. 

Percent  recovery  ranged  from  87.8%  from  rat  skeletal  muscle  to  95.7%  from 
dog  heart.  There  were  no  significant  differences  in  %  recovery  between  the  two 
species.  Considerably  longer  half-lives  in  the  tissues  and  blood  of  dogs 
relative  to  an  equivalent  PCE  administration  in  rats  were  found.  Overall,  values 
predicted  by  the  PBPK  model  were  in  close  agreement  with  measured  values  in  the 
nonfat  tissues,  following  an  equivalent  dose  the  larger  of  the  two  test  species 
had  a  larger  area  under  the  tissue  concentration  (AUTC)  cuirve  for  all  tissue 
compartment  except  kidney  than  the  smaller  species.  These  results  will  be 
helpful  in  the  further  investigation  of  some  of  the  uncertainties  in  the 
application  of  tissue  dose  metrics  in  interspecies  extrapolations  of  TET  using 
PBPK  models. 

Male  beagle  dogs  (8-14  kg)  ,  obtained  from  Marshall  Farms,  and  male  Sprague - 
Dawley  rats  (325-375  g) ,  obtained  from  Charles  River  Laboratories,  were  employed 
in  these  studies.  For  the  animals  intended  to  receive  the  ia  dose,  an  indwelling 
carotid  arterial  cannula  was  surgically  implanted  the  day  before  the  exposure. 
The  cannula  exited  the  body  of  the  test  animal  behind  the  head,  and  the  animals 
were  allowed  to  recover  form  anesthesia  until  the  following  day.  For  ia  and  po 
administration,  TET  was  administered  at  a  dose  of  10  mg/kg  as  an  emulsion  in 
polyethylene  glycol  (PEG)  in  a  single  bolus  dose  through  the  carotid  arterial 
cannula  or  by  oral  gavage . 

Groups  of  4  rats  and  3  dogs  were  serially  sacrificed  (using  etherization) 
following  dosing  at  the  following  time  intervals  -  5,  15,  30,  and  45  minutes,  and 


11 


1,  1.5,  2,  3,  4,  12,  16,  20,  24,  and  36  hours  for  rats  and  0.5,  2,  4,  8,  and  12 
hours  for  dogs.  Blood  samples  were  obtained  by  cardiac  puncture.  For 
establishing  steady-sate  equilibrium,  dogs  received  a  loading  dose  of  5  mg/kg 
through  a  jugular  vein  cannula.  The  animals  then  received  a  constant  infusion 
of  28  /ig/min/kg  through  the  cannula,  and  blood  levels  were  monitored  for  TET  over 
the  next  four  hours.  Once  the  blood  levels  remained  constant  for  at  least  2 
hours,  it  was  assumed  that  steady  state  had  been  achieved.  Tissues  isolated  from 
unexposed  animals  were  spiked  with  0.1,  1,  5,  10,  and  20  mg  TET/g  of  tissue  and 
the  percent  recovery  for  each  tissue  in  each  species  established. 

Approximately  1  gram  each  of  liver,  kidney,  brain,  lungs,  heart,  fat  and 
muscles  were  quickly  removed  from  all  animals  and  placed  in  4  ml  cold  saline. 
Tissues  were  homogenized  for  the  shortest  possible  time  intervals,  specific  for 
each  organ,  or  reduce  the  volatilization  of  the  test  compound  during 
homogenization.  The  TET  in  each  sample  was  then  extracted  with  8  ml  isooctane. 
A  20  ^1  aliquot  was  placed  in  an  8  ml  headspace  vial,  which  was  capped  and 
subjected  to  controlled  temperature  and  pressure  conditions  in  a  Perkin-Elmer  HS- 
6  Headspace  Sampler. 

Analysis  was  made  of  the  TET  in  the  vial  headspace  on  an  OV- 17  (6'  x  1/8") 
stainless  steel  column  in  a  Perkin  Elmer  gas  chromatograph  with  an  electron 
capture  detector.  The  column  temperatures  were:  detector-375°C,  column-120°C , 
headspace-90°C,  inj ector- 200°C .  Values  were  compared  to  a  standard  curve,  and 
the  tissue  concentration  corrected  for  the  percent  recovery  characteristic  for 
each  tissue. 

Due  to  the  highly  lipophilic  nature  of  TET,  the  maximum  tissue 
concentration  (Cmax)  in  the  fat  was  substantially  higher  (ranging  from  7-28  and 
11-48  times  greater  for  rats  and  dogs,  respectively)  than  the  other  tissues.  The 
t^  and  AUC  was  also  much  longer  in  the  fat  than  in  the  other  tissues  for  both 
species  and  both  routes  of  administration.  The  AUC  for  each  of  the  dog  tissues 
was  substantially  greater  than  that  of  the  rat  tissues.  The  tH  and  Cmax  values 
were  also  greater  for  each  tissue  in  the  dog  than  in  the  rat.  The  elimination 
t4  for  the  brain  was  longer  than  in  all  other  non  fat  tissues  in  the  dog,  but  was 
shorter  than  the  other  non  fat  tissues  in  the  rat  following  an  equivalent  ia 
administration.  The  poorly  perfused  tissues  (muscle)  had  the  lowest  AUC  and  Cmax 
for  both  po  and  ia  administration  in  the  rat,  but  was  higher  than  other  non  fat 
tissues  in  the  dog. 

In  comparisons  with  observed  tissue  concentration- time  data,  tissue 
concentrations  of  TET  were  well  predicted  by  the  PBPK  model  in  brain,  blood, 
kidney,  heart,  and  lung  over  the  length  of  the  time  course  following  TET 
administration.  Following  po  administration  in  rats  and  dogs  following  ia 
administration  were  well  predicted.  There  was  some  overprediction  of  muscle 
concentrations  of  TET  in  the  dog  by  the  model.  In  both  species  and  routes  of 
administration,  there  was  a  tendency  for  underproduction  of  the  TET  concentration 
during  part  of  the  time  course.  Following  an  equivalent  ia  exposure,  the 
underproduction  occurred  in  the  later  time  points  for  rats  and  in  the  earlier 
time  points  for  the  dog. 

Partition  coefficients  determined  from  the  AUC  for  dog  tissues  following 
ia  administration  of  TET  were  similar  to  values  calculated  from  the  steady-state 
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determinations  in  tissues  for  brain,  heart,  and  fat.  There  was  more  than  a  two¬ 
fold  difference  (2. 0-2. 8)  between  the  partition  coefficients  for  kidney,  lung, 
and  muscle  calculated  by  the  two  approaches.  Using  the  partition  coefficients 
calculated  using  the  AUC  method  for  ia  exposures,  the  PBPK  model  for  TET  was 
therefore  demonstrated  to  have  considerable  utility  in  accurately  predicting 
tissue  levels  in  rats  and  dogs. 


IX.  EVALUATION  OF  THE  ACCURACY  OF  PBPK  MODEL  PREDICTIONS  FOR  TET  ACROSS  DOSES, 

SPECIES,  AND  ROUTE  OF  ADMINISTRATION 

An  important  consideration  in  health  risk  assessments  of  halocarbon 
solvents  is  the  validity  of  species  to  species  comparisons  in  the  uptake, 
disposition,  and  elimination  of  the  chemicals  following  ingestion.  Therefore, 
the  relative  toxicokinetics  between  species  of  wide  variation  in  size  was 
evaluated  following  tetrachloroethane  (TET)  ingestion.  Male  Sprague -Dawley  rats 
and  beagle  dogs  were  administered  TET  at  dose  of  10  or  30  mg/kg.  The  halocarbon 
was  administered  in  polyethylene  glycol  (PEG)  in  a  single  bolus  either  orally 
(po) ,  or  by  intraarterial  administration  (ia)  through  an  indwelling  carotid 
arterial  cannula.  Blood  samples  were  collected  from  an  indwelling  cannula  in  the 
jugular  vein  at  intervals  up  to  48  hours  following  administration,  and  the 
halocarbon  concentrations  analyzed  by  headspace  gas  chromatography.  The  terminal 
elimination  half-lives  of  TET  in  dogs  were  significantly  longer  than  in  rats  for 
both  routes  of  administration  and  for  both  po  doses.  Bioavailability,  peak  blood 
levels  and  the  area-under- the-blood-concentration-time  cuirves  were  also  higher 
in  dogs  relative  to  equivalent  dose  in  rats  po  and  ia.  These  results  show  that 
there  are  significant  species  differences  in  the  toxicokinetics  and 
bioavailablity  of  ingested  TET,  and  that  further  evaluations  are  needed  for 
making  interspecies  comparisons  of  toxicokinetic  data  for  halocarbons. 

Male  beagle  dogs  (5-10  kg) ,  obtained  from  Marshall  Farms,  and  male  Sprague - 
Dawley  rats  (325-375  g) ,  obtained  from  Charles  River  Laboratories,  were  employed 
in  these  studies.  For  the  animals  intended  to  receive  ia  administrations  of  the 
test  compounds,  an  indwelling  carotid  arterial  cannula  was  surgically  implanted 
the  day  prior  to  the  exposure.  For  procuring  blood  samples  following  halocarbon 
administration,  an  indwelling  jugular  vein  cannula  was  implanted  in  all  the  test 
animals.  Both  cannulas  exited  the  body  of  the  test  animal  behind  the  head,  and 
the  animals  were  allowed  to  recover  from  anesthesia  until  the  following  day. 
Food  was  withheld  during  the  18  hr  recovery  period  before  dosing. 

The  rats  and  dogs  were  administered  a  single  bolus  dose  of  either  10  or  30 
mg/kg  TET,  using  polyethylene  glycol  (PEG)  as  a  dosage  vehicle.  Both  oral  doses 
were  administered  using  a  gavage  needle  for  rats  and  a  teflon  tube  for  dogs.  The 
ia  administration  was  conducted  using  the  carotid  arterial  cannula.  While  rats 
exhibited  no  neurobehavioral  effects  following  TET  administration,  the  dogs 
receiving  the  30  mg/kg  ia  dose  demonstrated  a  very  high  degree  of  central  nervous 
system  (CNS)  depression.  Data  for  ia  administration  in  dogs  is  therefore 
presented  only  for  the  10  rag/kg  dose. 

Serial  20  pi  blood  samples  were  taken  at  selected  intervals  for  up  to  48 
hrs  following  dosing.  The  concentrations  of  TET  in  the  blood  samples  were 
determined  by  headspace  analysis  using  a  Perkin-Elmer  Sigma  300  gas  chromatograph 
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equipped  with  an  electron  capture  detector  and  an  auton.atic  headspace  analyzer. 
The  operating  conditions  for  the  6-ft  x  1/8-inch  stainless  steel  column  were: 
headspace  sampler  temperature,  100*C;  injection  port  temperature  200*C:  column 
temperature,  140*C:  detector  temperature,  400*C;  column  packing,  OV-17;  flowrate 
for  argon/methane  carrier  gas,  60  ml/min. 

The  blood  concentration- time  data  were  evaluated  by  R- strip  (Micromath 
Scientific  Software)  and  Lagran  (M.  Rocci  and  W.J.  Jusko)  computer  programs  for 
the  assessment  of  the  appropriate  pharmacokinetic  model  and  calculation  of 
relevant  pharmacokinetic  parameters. 

PBPK  model  predictions  for  TET  in  rats  and  dogs  can  be  found  in  the 
Appendix,  Section  G.  PBPK  model  prediction  of  TET  in  the  venous  blood  of  rats 
were  well  predicted  at  the  10  mg/kg  dose,  but  underpredicted  over  the  course  of 
the  30  mg/kg  dose  following  both  ia  and  po  administration.  Predictions  of  TET 
predictions  in  dogs  following  oral  administration  were  accurate  over  most  of  the 
time  course  for  both  doses.  Predictions  of  TET  concentrations  in  dogs  following 
ia  administration  were  not  well  predicted,  especially  in  the  terminal  elimination 
phase . 


Absorption  of  TET  following  oral  administration  was  very  rapid  in  rats  and 
dogs,  with  peak  blood  levels  achieved  in  both  species  and  at  both  doses  between 
12  and  22  minutes.  The  maximum  concentration  of  TET  reached  in  the  blood  was 
higher  in  dogs  than  in  rats  in  all  cases,  though  this  difference  was  only 
statistically  significant  for  intraarterial  administration.  The  half-life  of  TET 
was  longer  in  the  blood  of  dogs  than  in  rats,  and  at  a  high  level  of  significance 
by  intraarterial  administration  and  at  both  doses  given  orally.  Following  both 
oral  and  intraarterial  administration  of  TET,  AUC  was  significantly  higher  in 
dogs  than  in  rats.  The  bioavailability  of  TET  from  oral  exposure  was  higher  in 
dogs  than  in  rats.  Following  equivalent  ia  doses  of  30  mg/kg  TET,  dogs  exhibited 
severe  CNS  depression  (including  unconsciousness)  while  rats  demonstrated  no 
appreciable  neurobehavioral  effects.  No  CNS  effects  were  observed  in  either 
species  following  po  administration  at  either  dose. 


X.  EVALUATION  OF  NEUROTOXICITY  OF  PERCHLOROETKYLENE  USING  ROTAROD  AND 

COMPARISON  WITH  BLOOD  AND  BRAIN  LEVELS 

The  rotarod  has  been  in  use  since  the  mid  1950' s,  primarily  as  a  tool  to 
evaluate  the  effects  of  neurotoxins.  Since  its  introduction  there  have  been  a 
wide  variety  of  modification  to  the  basic  concept  of  the  rotarod  rest.  The 
rotarod  has  been  used  by  several  researchers  to  evaluate  the  neurotoxicity  of 
solvents.  The  purpose  of  this  study  was  to  measure  the  effects  of  PCE  on  the 
rotarod  performance  in  dynamically  exposed  animals  during  testing,  and  to  attempt 
to  correlate  performance  on  the  rotarod  to  blood  and  brain  concentrations  of 
perchloroethylene . 

A  dowel  of  1  1/4  inch  diameter  and  approximately  40  inches  in  length  was 
adapted  to  rotate  13"  above  the  floor  of  Rochester  type  dynamic  flow  chamber. 
The  rod  was  divided  into  three  7  inch  compartments  by  4  cardboard  disks  13  inch 
in  diameter.  The  rod  wa*'.  driven  by  an  externally  mounted,  variable  speed  motor 
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supported  outside  of  the  chamber  and  attached  directly  to  the  rod  via  a  side 
portal.  For  this  experiment  a  speed  of  10  rmp  was  used. 

1,1, 2, 2  Perchloroethylene  (PCE)  (tetrachloroethylene)  was  obtained  from 
Aldrich  Chemical  Company  (Milwaukee,  WI).  Test  atmospheres  of  PCE  were  generated 
by  vaporization  of  the  compound  in  different  combinations  of  air  flow  and 
temperature  control  schedules.  Approximately  1  liter  of  liquid  chemical  was 
placed  into  a  glass  dispersion  flask.  Nitrogen  was  passed  through  the  dispersion 
flask  and  was  directed  into  the  chamber.  A  heating  mantle  was  placed  around  the 
dispersion  flask,  and  narrowly  controlled  temperature  limits  maintained  for 
volatilization  continuity.  The  entire  halocarbon  generation  system  was  enclosed 
in  a  specially  fabricated  safety  box.  The  box  was  maintained  under  constant 
negative  pressure  during  inhalation  exposures  in  the  same  manner  as  the 
inhalation  chamber.  Exhaust  air  from  both  the  safety  box  and  the  inhalation 
chamber  was  vented  to  HEPA  and  charcoal  filter,  so  that  all  chemical  was  scrubbed 
before  release  to  the  environment.  Concentrations  were  monitored  inside  of  the 
chamber  by  using  a  Foxboro  Miran  lb  ambient  air  analyzer. 

Eight  to  12  CD-I  male  albino  mice,  weighing  35  to  40  grams  were  obtained 
from  Charles  River  Laboratories  (Raleigh,  NC)  .  All  mice  were  maintained  on 
constant  light-dark  cycle  with  light  from  0700  to  1900  hr  and  darkness  from  1900 
to  0700  hr.  Mice  were  housed  in  plastic  cages,  with  tap  water  and  Purina  Mouse 
Chow  #5010  provided  ad  libitum.  Training  sessions  were  begun  after  at  least  a 
6  day  acclimation  period. 

Animals  would  be  placed  on  the  rotarod  and  performance  time  monitored  using 
an  electronic  stopwatch.  If  animals  fell  during  the  training  session,  their 
performance  time  would  be  noted  and  the  animals  were  immediately  placed  back  onto 
the  rotarod.  Training  sessions  for  each  animal  would  last  a  maximum  of  one  hour 
per  day.  If  the  animal  had  successfully  maintained  itself  on  the  rotarod  for  one 
hour,  the  animal  was  removed  by  the  tail  and  returned  to  its  housing.  The 
animals  were  trained  a  total  of  six  to  eight  days.  After  this  training  period, 
animals  which  produced  a  two  day  average  performance  of  30  minutes  or  less  over 
the  two  days  prior  to  exposure  were  removed  from  the  study  group.  Only  one 
animal  was  eliminated  using  this  criteria.  Most  animals  gave  a  two  day  base  line 
performance  of  40  to  60  minutes  (Figure  1). 

After  2#  hours  from  the  completion  of  training,  a  concentration  of  1500 
ppm,  2000  ppm,  or  3000  ppm  Perchloroethylene  was  generated  and  stabilized  in  the 
dynamic  exposure  chamber.  The  animal  was  placed  on  the  rotarod  via  a  portal  door 
and  performance  was  monitored  using  an  electronic  stopwatch.  The  animal  was 
immediately  removed  from  the  chamber  via  the  portal  when  it  fell  from  the 
rotarod,  and  sacrificed  using  cervical  dislocation.  Approximately  .2  ml  blood 
was  collected  by  cardiac  puncture,  and  whole  brain  was  removed  from  the  animal. 
Both  tissues  were  quickly  placed  into  previously  chilled  20  ml  glass 
scintillation  vials  containing  4  ml  of  isooctane  and  1  ml  saline  solution.  Each 
tissue  was  homogenized  with  a  U.l.tra-Tarrax  SDT  homogenizer  (Tekmar  Co., 
Cincinnati,  OH).  Homogenization  was  accomplished  as  quickly  as  possible  to 
minimize  loss  of  the  compound  due  to  volatilization.  The  homogenates  were  then 
centrifuged  at  1800  a  g~o>^ity  for  10  minutes  at  4  degrees  centigrade  in  capped 
scintillation  vials.  An  aliquot  of  the  isooctane  layer  was  diluted  with  pure 
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isooctane  and  transferred  to  20  ml  headspace  vials.  These  vials  were  capped  with 
latex  rubber  septa  and  crimped  to  ensure  an  airtight  seal. 

Each  sample  vial  was  then  placed  into  the  autosampler  unit  of  a  Perkin 
Elmer  8500  Gas  Chromatograph  (Norwalk  CT) .  The  following  conditions  were 
maintained  on  the  G.C.:  column  over  temperature,  90”C;  injector  temperature 
120'’C;  detector  temperature  120®C.  The  analysis  was  carried  out  using  a  6'  x 
1/8"  stainless  steel  detector  column  packed  with  3%  ov-17  (80-100  mesh)  Carrier 
gas  was  argon/methane  @60  ml/min.  Data  analysis  was  done  using  Lotus  1-2-3  with 
a  standard  curve  run  on  everyday  of  analysis. 

Each  animal's  performance  time  on  the  rotarod  was  compared  to  the  2  day 
baseline  average  from  the  last  two  days  on  training.  Animals  responded  to  the 
perchloroethylene  exposures  in  a  dose  dependent  manner  (Figure  1) .  Blood  and 
brain  Perchloroethylene  concentrations  were  averaged  and  compared  with  exposure 
levels  (Figure  2) . 

Although  this  test  did  successfully  generate  a  dose  response  curve  with 
PCE,  it  is  difficult  to  interpret  blood  and  brain  concentrations  of  PCE  at  the 
time  of  fall  and  performance  on  the  Rotarod.  There  are  some  significant 
limitations  with  this  test  method.  Another  factor  is  the  significant  limitations 
with  this  test  method.  One  factor  is  the  significant  amount  of  training  required 
to  attain  the  baseline  performance  time  on  the  rotarod.  From  this  dose  response 
curve,  there  is  little  justification  for  extending  exposure  below  the  1500  ppm 
mark  or  above  the  3000  ppm  mark.  The  accelerod  has  apparently  produced  a  more 
sensitive  testing  with  alcohol  and  accrylamide  oral  dosages  in  rats.  However, 
the  accelerod  was  not  chosen  because  it  would  introduce  an  extra  variable  into 
the  experimental  schedule.  We  also  are  currently  generating  a  pharmacokinetic 
model  of  Perchloroethylene  in  mice  to  confirm  the  blood  and  brain  levels  measured 
with  the  rotarod  mice  and  to  examine  the  possibility  that  performance  on  the 
rotarod  could  be  related  to  other  factors  such  as  rate  of  uptake  of  compound  into 
brain  and  subsequently  the  degree  of  neurological  impairment. 
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Table  1 


Animal  Baseline  Performance  and  number  of  days  trained 


Two  Day  Baseline  (min^ 
60 
hi 
49 
60 
51 
60 
60 
39 
53 
60 
36 
60 
55 
60 
60 
4 
60 
36 
45 
31 
55 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 


Humber  of  Days  Trained 
8 
8 
8 
8 
7 
7 
7 
7 
7 
7 
7 

7 

8 
8 
8 
8 
8 
8 
8 
8 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
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XI.  CORRELATION  OF  NEUROBEHAVIORAL  EFFECTS  WITH  TISSUE  AND  BLOOD 

PHARMACOKINETICS  OF  TRI  IN  RATS 

Neurobehavioral  tests  are  useful  in  assessing  the  acute  central  nervous 
system  (CNS)  effects  of  short-term  inhalation  exposures  to  VOCs .  It  is  important 
to  assess  changes  in  CNS  basal  activity  in  a  valid  quantitative  manner, 
especially  when  considering  interspecies  extrapolations.  Repetitive,  on-line 
determinations  of  neurobehavioral  response  concurrent  with  solvent  exposure  are 
of  significant  utility  in  elucidation  of  the  time-course  of  CNS  effects  of  the 
compounds.  Operant  performance  measurements  have  been  found  to  be  useful  for  the 
detection  of  subtle  CNS  effects  of  low  VOC  exposure  levels  ,  prior  to  reaching 
a  level  which  would  result  in  irreversible  neuropathological  changes.  CNS- 
depressant  effects  of  VOCs  have  been  demonstrated  in  animals  by  operant  tests  at 
doses  similar  to  doses  that  have  been  shown  to  alter  human  performance. 

The  purpose  of  this  study  was  threefold:  to  determine  the  effect  of 

inhaled  TRI  on  operant  responding;  to  measure  the  concentration  of  TRI  in  blood 
and  tissues  during  inhalation  exposure;  and  to  examine  relationships  between 
blood  and  bran  concentrations  of  TRI  and  changes  in  operant  behavior.  Male, 
Sprague -Dawley  rats  (275-325  g)  were  trained  to  elver  press  for  an  evaporated 
milk  reinforcer  (0.08  ml)  on  a  variable  interval  30  (VI  30)schedule  for  2  hr. 
Trained  rats  were  exposed  to  clean  air  for  20  min,  then  to  a  single  concentration 
of  TRI  (500-5000  ppm)  for  100  min.  The  number  of  operant  responses  in  each  5  min 
interval  for  the  operant  session  was  recorded.  Dose-response  curves  were 
generated  by  plotting  TRI  concentrations  against  both  mean  response  ratios 
(TRI/control)  and  differences  in  the  areas  under  the  predicted  and  observed 
cumulative  response  curves. 

These  studies  of  the  neurobehavioral  effects  of  PCE  following  inhalation 
exposure  were  presented  at  the  1993  meeting  of  the  Society  of  Toxicology.  The 
citation  for  the  abstract  is  as  follows: 

Warren,  D.A.,  Dallas,  C.E.,  Reigle,  T.G.,  and  Christmus,  W. 

"Behavioral  Changes  During  1,1,1-trichloroethane  (TRI)  Inhalation  in 

Rats:  Relationship  to  brain  and  blood  levels."  32nd  Annual  Meeting 

of  the  Society  of  Toxicology,  New  Orleans,  LA;  Toxicologist  13:  248, 

1993. 

Inhalation  of  500  and  1000  ppm  TRI  did  not  decrease  the  rate  of  lever 
pressing,  whereas  2000,  3500,  and  5000  ppm  TRI  dose-dependently  suppressed 

operant  responding  in  the  absence  of  any  apparent  motor  impairment.  Additional 
rats  were  exposed  under  the  same  conditions  as  those  used  in  the  behavioral  study 
and  were  sacrificed  at  various  times  during  exposure  for  blood  and  tissue 
collection.  The  relationships  between  blood  and  brain  concentrations  of  TRI  and 
changes  in  operant  responding  were  examined  by  plotting  blood  and  brain 
concentrations  against  mean  response  ratios  and  fitting  the  scatter  plots  with 
second  order  regression  lines.  Correlation  coefficients  for  the  relationships 
between  blood  and  brain  concentrations  and  operant  response  ratios  were  0.78  and 
0.80,  respectively.  Knowledge  of  how  blood  and  brain  concentrations  of  TRI 
relate  to  behavioral  changes,  coupled  with  a  validated  physiologically-based 
pharmacokinetic  model  for  TRI,  could  be  used  to  accurately  predict  TRI -induced 
behavioral  alterations. 
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An  operant  testing  system  has  been  established  in  the  inhalation  toxicology 
laboratory.  A  modular  test  cage  for  rodents  (Coulbourn  Instruments)  has  been 
adapted  for  use  in  inhalation  exposure  chambers.  Output  from  the  cage  is 
analyzed  by  a  modular  behavioral  analysis  instrument  panel  (Coulbourn 
Instruments),  with  component  units  selected  for  the  operant  tests  envisioned  for 
these  studies.  The  performance  schedules  are  applied  with  a  software  program 
(Cosmos,  Coulbourn  Instruments),  and  all  data  is  stored  on  an  IBM-compatible  386 
computer.  Different  schedules  and  conditions  are  being  investigated  in  order  to 
optimize  the  results  that  can  be  obtained  with  each  test  in  each  species.  The 
efficacy  of  the  neurobehavioral  testing  protocols  have  been  evaluated  by  the 
following  criteria:  intrasubject  variability  on  repeated  testing;  intersubject 
variability;  adaptability  for  use  with  both  species;  technical  feasibility; 
rapidity  with  which  repetitive  testing  can  be  conducted  (on  each  subject); 
objectivity;  sensitivity;  quantitativeness  (i.e.,  ability  to  accurately  reflect 
the  degree  of  CNS  dysfunction  elicited  over  time  by  a  range  of  vapor 
concentrations).  Analysis  of  the  data  from  the  operant  studies  entailed 
calculating  the  response  and  reinforcement  rates  from  the  test  animals  during  or 
after  halocarbon  exposure  as  a  percentage  of  each  subject’s  mean  control  values 
prior  to  exposure. 

Specially  tooled  operant  boxes  were  positioned  inside  dynamic  flow 
inhalation  chambers.  Male  Sprague- Dawley  rats  (275-325  g)  were  food  restricted 
(10  g/day)  and  trained  to  elver  pres  for  evaporated  milk  presentation  (0.08  ml) 
on  a  VI  30  schedule  for  2  hr.  Once  response  rates  were  stable,  rats  were  exposed 
to  clean  air  for  20  min  followed  by  either  500,  1000,  2000,  3500,  or  5000  ppm  TRI 
for  100  min.  The  number  of  lever  presses  in  each  5  min  interval  of  the  operant 
session  was  computer  recorded  and  TRI  concentrations  were  monitored  with  a  Miran 
1B2  infrared  spectrophotometer.  Response  ratios  were  calculated  by  dividing  the 
number  of  responses  during  exposure  by  the  average  number  of  responses  during  the 
three  control  sessions  immediately  preceding  exposure.  Alternatively,  changes 
in  operant  response  rates  were  quantified  by  calculating  the  difference  between 
the  areas  under  the  predicted  and  observed  cumulative  response  curves  during  TRI 
exposure.  Cumulative  response  curves  were  predicted  by  linear  extrapolation  of 
response  rates  during  the  first  20  min  of  each  exposure  session. 

Male,  Sprague -Dawley  rats  (275-325  g)  were  food  restricted  (10  g/day)  and 
gavaged  with  evaporated  milk  (10  ml/day)  to  provide  a  diet  comparable  to  that  of 
the  animals  used  in  the  behavioral  study.  Rats  were  exposed  to  1000,  2000,  3500, 
or  5000  ppm  TRI  for  either  10,  20,  40,  60,  80,  or  100  min  at  which  time  they  were 
sacrificed  by  cervical  dislocation.  Samples  of  blood,  brain,  liver,  kidney,  fat, 
muscle,  heart,  spleen,  GI ,  and  muscle  were  quickly  removed  and  immediately  placed 
in  chilled  scintillation  vials  containing  8  ml  of  isooctane  and  2  ml  of  saline. 
Tissues  were  homogenized,  vortexed,  and  centrifuged.  Blood  samples  and  aliquots 
of  the  tissue  supernatant  were  placed  in  20  ml  headspace  vials  and  analyzed  with 
a  headspace  sampler  unit  of  a  Perkin  Elmer  Model  8500  gas  chromatograph.  The  TRI 
concentrations  in  blood  and  tissues  were  calculated  from  a  standard  curve  and 
corrected  for  the  percent  recovery  characteristic  of  blood  and  tissue  samples. 

Operant  responding  was  unaffected  by  inhalation  of  500  or  1000  ppm  TRI , 
whereas  2000,  3500,  and  5000  ppm  TRI  decreased  responding  in  a  dose -dependent 
manner  (Figure  1,  Section  H  of  the  Appendix).  The  time  of  onset  and  the 
magnitude  of  the  decrease  were  dose - dependent .  The  area  under  the  curve  (AUC) 
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method  of  quantifying  changes  in  operant  response  rates,  while  resulting  in  a 
similar  dose-response  curve  to  that  generated  by  a  traditional  method  did  not 
reflect  the  rate  changes  induced  by  inhalation  of  2000  ppm  TRI  (Figure  2,  Section 
H  of  the  Appendix) . 

The  uptake  and  disposition  of  TRI  in  blood  and  tissues  were  dose -dependent 
(Figure  3  and  Figure  4).  The  highest  concentrations  of  TRI  were  in  the  fat, 
followed  by  the  liver  and  the  brain.  The  relationships  between  blood  and  brain 
concentrations  of  TRI  and  mean  operant  response  ratios  were  curvilinear,  with 
correlation  coefficients  of  0.78  and  0.80,  respectively  (Figure  5).  Behavioral 
deficits  may,  therefore,  be  reasonably  predicted  by  blood  and  brain 
concentrations  of  TRI. 


XII.  COLLABORATIVE  ARRANGEMENTS 

The  proposed  project  has  been  conducted  at  the  Department  of  Pharmacology 
and  Toxicology  (P  &  Tx)  and  the  Department  of  Pharmaceutics  in  the  University  of 
Georgia  (UGA)  College  of  Pharmacy.  The  Principal  Investigator  has  been  Dr.  Cham 
E.  Dallas  (CED) ,  who  has  ben  responsible  for  overall  coordination  of  the  project. 
He  has  provided  a  20%  commitment  to  this  project.  In  addition  to  coordinating 
the  project,  CED  personally  conducted  all  of  the  respiratory  elimination  studies 
that  were  done.  In  that  effort  he  developed  the  exposure  system  for  the  direct 
kinetic  determinations  of  halocarbons,  along  with  monitoring  of  respiratory 
parameters.  Under  CED's  direction,  the  assay  was  developed  for  measuring 
halocarbon  levels  in  the  tissues  of  animals  following  exposure,  which  has  been 
of  significant  utility  in  the  present  investigation.  A  primary  focus  of  CED's 
studies  has  been  to  provide  data  sets  for  the  development  and  validation  of 
physiologically-based  pharmacokinetic  (PBPK)  models.  Dr.  James  V.  Bruckner  (JVB) 
has  provided  a  10%  commitment  to  the  project  as  a  Co-Principal  Investigator.  He 
hs  directed  a  number  of  research  projects  on  the  oral  toxicity  and 
pharmacokinetics  of  volatile  organic  compounds  over  the  past  10  years.  JVB  is 
also  experienced  in  the  application  of  pharmacokinetic  data  to  risk  assessments, 
having  served  on  a  number  of  committees  and  advisory  groups  for  federal  agencies 
concerned  with  health  effects  of  VOCs .  Dr.  James  M.  Gallo  (JMG)  has  served  s  a 
Co- Investigator  (5%  commitment),  and  provided  expertise  in  the  field  of 
pharmacokinetics  (PK) .  The  major  focus  of  his  work  has  been  the  physiologically- 
based  pharmacokinetic  (PBPK)  modeling,  including  the  derivation  of  methods  for 
estimation  of  mass  transfer  coefficients  and  partition  coefficients  for  PBPK 
models.  JMG  had  primary  responsibility  for  design  of  PK  studies  sand  analysis 
of  data,  development  and  refinement  of  PBPK  models,  and  assessment  of  the  model's 
ability  to  predict  halocarbon  disposition  in  humans.  Dr.  Randall  Tackett  (RT) 
served  as  a  Co- Investigator  on  the  project  (10%  commitment),  and  was  responsible 
for  the  kinetic  experiments  in  the  dog  in  this  project.  RT  head  an  active 
laboratory  staffed  by  postdoctoral  associates  and  graduate  students,  in  which  a 
number  of  toxicodynaraic  studies  in  the  dog  and  the  rat  have  been  conducted.  Dr. 
Tom  Reigle  (TR)  also  served  as  a  Co -Investigator  on  the  project  (20%  commitment). 
TR  provided  valuable  assistance  in  the  selection  and  purchase  of  the  appropriate 
testing  equipment  that  can  be  used  for  both  rats  and  dogs,  and  was  involved  in 
the  design  and  conduct  of  all  the  neurobehavioral  studies. 


20 


Mr.  Alan  Warren  (AW)  is  a  doctoral  student  who  hs  been  conducting  his 
dissertation  research  involving  the  research  objectives  of  this  grant.  Alan  is 
the  recipient  of  a  three -year  award  from  the  Department  of  Defense,  managed  by 
the  Southeastern  Center  for  Electrical  Engineering  Education  (SCEEE).  This  award 
provides  for  his  graduate  assistantship  stipend  and  approximately  $2000  annually 
for  travel  and  minor  expenses.  As  the  SCEEE  award  coincides  almost  exactly  with 
the  period  of  this  Air  Force  grant,  this  is  an  important  (and  much  appreciated) 
collaborative  effort.  AW  has  personally  been  involved  in  the  development  of  the 
neurobehavioral  testing  protocols,  and  has  provided  a  very  perserverant  effort 
toward  the  success  of  this  critical  part  of  the  project.  Mr.  Li  You  (LY’)  ,  a 
doctoral  student,  worked  on  the  analytical  measurements  of  halocarbon 
concentrations  in  animal  tissues,  and  has  initiated  neurobehavioral  studies  with 
mice.  LY  has  set  up  the  operant  testing  system  for  this  second  species,  and  has 
completed  the  initial  studies  for  the  correlation  of  neurobehavioral  depression 
and  halocarbon  pharmacokinetics  in  mice. 

Dr.  Xiao  Mei  Chen  (>LMC)  has  served  as  a  full-time  postdoctoral  associate 
on  the  project.  XMC  has  a  medical  degree  from  the  People's  Republic  of  China, 
and  has  worked  in  the  current  Air  Force  project  since  its  inception.  She  was 
successful  in  her  work  in  the  development  of  the  assay  for  the  measurement  of 
halocarbons  in  the  tissues  of  exposed  animal  and  has  conducted  these  tissue 
measurements  thus  far  for  ia  and  po  exposures  for  PER  and  TET  in  rats  and  dogs . 
Dr.  Peter  Varkonyi  (PV)  is  a  postdoctora’  associate  from  Hungary  who  has  worked 
"hands-on"  with  the  development  of  the  PBPK  models  for  halocarbon 
pharmacokinetics.  Dr.  Varkonyi  w’ill  be  replaced  in  the  coming  year  by  Dr.  Tharin 
Limsakun,  who  has  had  experience  with  the  Simusolv  program  we  have  been  using  to 
run  the  PBPK  model  simulations.  Dr.  Limsakin  has  already  started  on  the  project, 
and  has  spent  the  first  weeks  on  the  job  learning  the  procedures  from  Dr. 
Varkonyi.  Mr  James  Durant  has  worked  on  the  project  as  an  undergraduate  research 
assistant  during  the  past  year,  with  the  primary  responsibility  for  conducting 
the  studies  of  neurobehavioral  effects  using  the  rotorod.  Mr.  Srinvasa 
Muralidhara  has  been  employed  part-time  (25%)  on  the  project.  He  participated 
in  the  analysis  of  halocarbons  in  biological  samples,  computer  programming,  the 
conduct  of  inhalation  studies  of  dynamic  exposure  chambers,  and  the  compiling  of 
laboratory  records. 

Dr.  Dallas  and  Mr.  Warren  went  tc  the  Medical  College  of  Virginia  for  an 
overnight  visit  with  Dr.  Robert  balster  (RB)  and  his  laboratory  in  Richmond, 
Virginia.  RB  is  an  acknowledged  leader  in  the  study  of  the  neurobehavioral 
effects  of  halocarbon  solvents.  Comparison  of  the  theoretical  and  technical 
approaches  were  made  in  the  ongoing  investigation  between  the  two  laboratories. 
RB  has  also  agreed  to  collaborate  in  future  studies  with  CED’s  efforts  in  this 
grant,  which  should  prove  invaluable  to  the  success  of  this  effort. 


XIII.  INTERACTION  WITH  DOD  LABORATOP.IES 

As  originally  scheduled,  Mr.  Warren  will  be  spending  approximately  10  weeks 
(Oct.  1,  1993-Dec.  15,  1993)  at  Wright-Patterson  Air  Force  Base  (VTPAFB)  ,  an 
opportunity  afforded  him  as  a  recipient  of  a  Department  of  Defense  Science  and 
Engineering  Fellowship.  VJhile  at  WPAFE,  Mr.  Warren  will  work  with  his  Air  Force 
Laboratory  mentor.  Dr.  Jeff  Fisher,  as  well  as  other  Air  Force  and  contract 
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scientists  with  expertise  in  pharmacokinetic  modeling  and  toxicodynamics .  The 
studies  to  be  conducted  at  this  time  are  currently  being  discussed  with  Dr. 
Fisher. 
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Reprint  of  paper  published  in  the 
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INTRODOCTION 

Short-chain  aliphatic  halogenated  hydrocar¬ 
bons  (halocarbons)  are  a  class  of  volatile  organic 
compounds  (VOCs)  of  increasing  concern,  due  to 
their  widespread  occurrence  as  environmental 
contaminants  and  the  potential  risks  they  pose  to 
health.  E.xposure  to  halocarbons  can  result  m 
toxic  injury  of  a  number  of  organ  systems  in  ani¬ 
mals  and  humans.  Central  nervous  system  (CNS) 
dysfunction  results  from  overexposure  to  most 
halocarbons  and  other  VOCs  [1.2].  CNS  depres¬ 
sant  effects  have  been  directly  correlated  with  the 
concentration  of  hydrocarbons  in  the  brain  [3.4]. 
Significant  liver  and  kidney  damage  can  be 
caused  by  certain  halocarbons  [5-7].  while  some 
members  of  this  chemical  class  arc  carcinogenic 
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in  dilferent  organ  .systems  in  animals  [8-10]. 

Pharmacokinetic  studies  of  halocarbons  are 
needed  in  order  to  elucidate  target  organ  uptake, 
deposition,  and  elimination  of  the  chemicals.  The 
magnitude  of  toxic  etfecl  in  an  organ  is.  of 
course,  dependent  upon  the  amount  of  chemical 
present  in  the  tissue.  Pharmacokinetic  studies 
conducted  to  date  have  primarily  involved  mea¬ 
surement  of  concentrations  of  halocarbons  in 
blood  and  exhaled  breath  [11-15].  The  limited 
at  a  single  time-point)  tissue  measurements 
conducted  in  some  of  these  studies  employed 
'■‘C-labeled  halocarbons.  .Measurement  of  total 
radioacti\  ity  does  not  delineate  between  the  par¬ 
ent  compound,  metabolites,  and  which  has 
entered  the  body's  carbon  pool.  There  have  been 
a  limited  number  of  investigations,  in  w  hich  time- 
courses  of  tissue  deposition  of  inhaled  hydrocar¬ 
bons  have  been  delineated  [3.4.16-18].  In  these 
studies,  the  tissues  were  extracted  with  a  solvent 
and  the  parent  compounds  quantified  by  gas 
chromatography  (GO  or  GC-mass  spectral 
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analysis.  No  reports  ol'the  time-course  of  uptake 
and  elimination  of  haloearbons  in  tissues  were 
found  in  the  literature. 

variety  of  approaches  have  been  used  for 
analysis  of  V'OCs  in  blood  and  tissues.  One  tech¬ 
nique  IS  to  simply  iniect  blood  and  tissue  homog¬ 
enates  directly  into  a  GC  apparatus  [16.19-21]. 
Major  draw  backs  ol'direct  injection  ot' biological 
materials  are  that  the  materials  cause  matri.x  in¬ 
terferences  and  that  contammatuin  markedh 
shortens  the  GC  column's  lifetime.  SoKent  ex¬ 
traction  is  a  w  idely  used  approach  tor  measuring 
concentrations  of  VOCs  in  blood  and  tissues.  An 
aliquot  of  the  sohent  may  be  directb  injected  in¬ 
to  the  GC  column  j  P.1X.22.2,'|.  Since  this  meth¬ 
od  t\picail\  in\ol\es  a  one-step  extraction  ol'the 
VOC  with  the  soKent.  limited  scnsiti\it>  and  in- 
lerlerence  h>  other  lipophilic  eompounds  can  be 
problematic.  In  order  to  circumvent  these  dilli- 
cLilties.  more  complex  procedures  ha\e  been  em¬ 
ployed.  One  entails  e\aporation  ol  the  solvent  ex¬ 
tract  and  trapping  of  the  VOC  analyte  on  a  Te- 
nax  column  [24].  Another  involves  healing  bio¬ 
logical  samples  within  a  purging  device  [25-29]. 
with  subsequent  retention  of  the  analyte  on  an 
adsorbent  such  as  Tenax.  Such  approaches  are 
technically  difficult  and  time-consuming.  Head- 
.space  analysis  has  proven  to  be  a  sensitive  and 
more  efficient  means  of  measuring  VOC  concen¬ 
trations  in  blood  samples  [14.15.30.31].  No  one. 
however,  appears  to  have  reported  a  suitable 
technique  for  quantification  of  haloearbons  or 
other  VOCs  in  tissues. 

In  light  of  the  foregoing,  it  is  apparent  that 
there  is  a  need  for  a  rapid,  sensitive  analytical 
procedure  for  reliably  measuring  the  concentra¬ 
tions  of  haloearbons  and  other  VOCs  in  different 
tissues.  The  overall  objective  of  this  project  was 
to  adapt  the  headspace  technique  previously  used 
for  analysis  of  blood  samples  for  measurement  of 
Ca  haloearbons  in  different  tissues.  A  major  fo¬ 
cus  of  the  work  was  development  of  a  procedure 
for  conservation  of  the  analyte  {i.c..  minimiza¬ 
tion  of  loss  by  volatilization)  during  preparation 
and  extraction  of  the  tissue  samples.  Two  Ca  ha- 
loalkananes  and  two  Ca  haloalkenes  were  em¬ 
ployed.  in  order  to  assess  the  utility  of  the  proce¬ 
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dure  for  extraction  and  subsequent  analyscN  oi 
VOCs  with  dilfereni  physicochemical  propeitu' 

EXPERIMF'M  XL 

I'es!  c/ivnin  iil-s  iiml  uppaninis 

1 . 1 .2.2-Perchloroeihylene  ( PER  I.  of  99"  ,i  puri¬ 
ty.  and  1 . !  .2.2-leii'.ichloroetliane  i  f'ET).  oi 
purity,  were  obtained  I'rom  .\ldrich  (Milwaukee. 
\V1.  (  S.\l  I .  I .  l-'frichlorocih.ine  i  TRl). '>I 
pur'iy.  1 . ! .2-inchioroetiiy Icnc  i  fCE).  oi 
purity,  and  i>ooctane.  of  9‘-)q,s"cj  purity,  were 
purchased  from  .1.  f.  Baker  ( Phillipsburg.  \.l. 
l.'SA).  A  Sigma  Model  300  gas  chromalograpn 
equipped  with  a  HS-O  headspace  sampler  (Perk'.:' 
Elmer.  Norwalk,  t  !'.  I  S.Vi  .ind  a  Model  -"  O 
gas  chriunaioerapli  >.auipped  vuth  .i 
headspace  sampler  lilewieii  Packard,  .krona. a... 
P.A,  I  .S.k)  were  used  for  ihe  analysis  ol  haloe.ir- 
bons.  Boih  liie  g.is  chromatographs  ..re 
equippeii  with  ,ai  eleetron-eapture  deleeie: 
Analyses  were  carried  out  on  stainless-steel  col¬ 
umns  (182  cm  X  0.317  cm  ED.)  packed  with 
10%  EFAP  (Alltech  Assoc..  Deerfield.  IL.  LSAi. 
3%  SP  1000  (Supelco.  Bellefonle.  PA.  USA),  or 
3%  OV- 1 7  ( Alltech  Assoc. ).  Tissues  were  homog¬ 
enized  using  the  Ultra-Turrax  SDT  homogeni/er 
(Tekmar.  Cincinnati.  OH.  E  SA). 

Tissue  honw^enizulion  and  cxtraclion  procedures 
Twelxc-week-old  male  Sprague-Dawley  rats 
were  obtained  from  Charles  River  Labs.  ( Ra¬ 
leigh.  NC.  USA).  After  two  to  three  weeks, 
groups  of  four  or  eight  animals  (body  weight  = 
325-375  g)  were  anesthetized  with  diethyl  ether. 
Blood  .samples  ( 1  ml)  were  withdrawn  by  closed 
chest  cardiac  puncture.  Portions  (0.5-1  g)  of  liv¬ 
er.  kidney,  brain,  heart,  lung,  perirenal  fat.  and 
skeletal  muscle  were  removed  and  placed  onto 
ice.  Each  tissue  was  spiked  with  PER.  TET.  TCE. 
or  TRl.  by  injection  of  4  jil  g  tissue  of  a  solution 
containing  I  mg  halocarbon  per  ml  isooctane. 
Two  homogenization  approaches  were  evaluated 
using  PER.  In  the  first,  the  tissues  were  immedi¬ 
ately  transferred  after  halocarbon  injection  to 
previously  chilled  20-ml  glass  vials  containing  4 
ml  of  ice-cold  saline.  The  tissues  were  allowed  to 
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remain  in  the  tiuhtly  capped  vials  lor  approxi¬ 
mately  30  mm.  before  being  homogenized  for  an 
established  time  interval  with  a  I'ekmar  tissue 
homogenizer.  These  times  were  kept  as  brief  as 
possible  in  order  to  minimize  \olatilization  of  the 
halocarbons.  Brain,  liver,  and  fat  were  the  most 
easily  homogenized,  requiring  onlv  3-4  s.  Kid¬ 
ney.  lung  and  heart  required  s  >.  Skeletal  mus¬ 
cle  was  the  most  dillicult  to  homogenize,  in  that  it 
required  30  s.  Isooctane  (S  ml)  ua>  added  to  the 
homogenates,  which  were  then  \orie\-mi\cd  for 
30  s  and  centrifuged  at  ISOO  c  for  10  min  at  4“C  in 
capped  vials.  .An  aliquot  of  the  l^ooctane  layer 
was  transferred  to  capped  vials  lor  headspace 
analvsis.  In  the  second  approach.  ti>sues  vvereim- 
niediaielv  iran>lerrea  allcr  iuiio^.irnon  micclkin 
lo  previousK  cliilled  20-ml  glas^  vials  containing 
3  ml  oi  ice-cold  >alinc  and  ^  nil  oi  isooclanc. 
iiach  tissue  was  then  homogenized,  vorte.x- 
mi.xcd.  and  centril'ugcd  as  before.  An  aliquot  of 
the  isooctanc  laver  was  taken  for  headspace  anal¬ 
ysis.  Only  the  latter  approach  (/.c..  isooctane  ho¬ 
mogenization)  was  subsequently  used  for  deter¬ 
mination  of  TCE.  TRl.  TET.  and  PER  in  tissues, 
except  in  the  aliquot  volume  study. 

Isooctane  aliquot  volume  study 

An  experiment  was  conducted  to  determine  the 
effect  of  aliquot  volume  on  the  linearity  of  halo- 
carbon  quantification.  As  in  other  at  vitro  experi¬ 
ments.  a  Hamilton  gas-tight  syringe  was  used  to 
inject  the  chemical  into  the  center  of  the  tissue 
cubes.  A  4-/il  volume  of  PER  was  injected  into 
samples  of  blo  s.i  and  each  of  the  seven  tissues. 
The  ti.ssues  were  homogenized  in  saline  and  sub¬ 
sequently  extracted  with  isooctane  as  described 
previously.  Aliquots  (5-100  /il)  of  isooctane  ex¬ 
tract  were  withdrawn  with  a  pipet  and  trans¬ 
ferred  to  8-ml  headspace  vials.  These  vials  were 
capped  immediately  with  rubber  .septa  and  a 
spring  washer  and  crimped  to  insure  an  airtight 
seal.  Each  sample  vial  was  then  placed  into  the 
autosampler  unit  of  the  gas  chromatograph. 

Headspace  pas  i  hromatopraphic  techniques 
For  all  the  experiments  with  PER.  the  GC  op¬ 
erating  conditions  were:  headspace  sampler  tem¬ 


perature.  00°C;  injection  port  temperature. 
300°C;  column  temperature.  1  IO  C;  detectivr  tem¬ 
perature.  400°C;  column  packing.  lO'^o  FF.AP; 
flow-rate  for  argon  methane  carrier  gas.  00  ml 
min.  Operatimi  condltlOIl^  for  fET  were:  head- 
space  sampler  temperature.  100  C  :  miection  pi'i  i 
temperature.  3t)0A';  column  temperature.  1  .■'0  t  : 
detector  temperature.  4iio  (  ,  ^oiumn  packme. 
3*’,,  OV-I';  llow-ratc  lor  argon  methane  carrier 
gas.  00  mi  mm  Oper.iimg  eoiiOmoiis  Iv'r  flsl 
and  TCT:  were:  iieadspaee  Namnier  tempcraime. 
55  C':  iniectmn  port  temperature  I  50  C  :  column 
temperature.  tvO f;  detector  temperature.  400  (  : 
column  packme.  SP  loot)  lixcept  for  liie 
isooctane  aliquiM  volume  siLidv.  .ill  analyses  were 
ci'iiducteu  u>me  .i  .mLiaoi  oi  i'Oi>ciane  ... 

the  .x-ml  lieadspace  v  mp.  facli  s.imple  vial  ■ 
iieateu  tliermosiaiic.iiiv  on'  1 0  min  in  liie  t it  ..a- 
tosampler  unit,  pressurized  for  3o  s  with  the  car¬ 
rier  gas.  .mil  imecteil  .miomaticallv  hv  .i  soie- 
noid-controilei.i  mecii.misin  into  tiie  tiC  column 

The  aforementioned  conditions  resulted  m  va¬ 
porization  of  the  halocarbons  m  the  sample  vials, 
since  each  VOC  was  heated  to  a  temperature 
slightly  below  its  boiling  point,  and  the  vial  sub¬ 
sequently  pressurized  and  vented  into  the  GC. 
An  experiment  was  conducted  to  assess  the  influ¬ 
ence  of  heating  time  on  quantilication  of  PER. 
Heating  sample  v  ials  5  mm  or  longer  resulted  in  a 
constant  GC  detector  response  i/.c..  area  under 
the  curve)  for  a  series  of  known  quantities  of 
PER  (data  not  shown). 

As  saline  was  utilized  m  the  tissue  homogeniza¬ 
tion  procedures,  an  experiment  was  conducted  to 
determine  whether  the  presence  of  saline  influ¬ 
enced  standard  curves.  PER  was  incorporated  in¬ 
to  four  dilferent  solvent  systems:  8  ml  isooctane; 
2  ml  saline  8  ml  isooctane;  4  ml  saline  -t-  8  ml 
isooctane  and  4  ml  saline  +  8  ml  isooctane  ho¬ 
mogenized  for  30  s.  Each  solution  was  vortex- 
mixed  for  30  s.  Aliquots  of  1-35  /d  of  the  isooc¬ 
tane  layer,  equivalent  to  I  35  ng  PER.  were  sub¬ 
jected  to  GC  headspace  analysis.  Standard  curves 
were  generated  on  the  basis  of  the  GC  peak  area 
plots.  The  slopes,  intercepts,  and  correlation 
coefficients  of  the  curves  were  compared.  As  de¬ 
scribed  in  the  Results  section,  the  standard  curves 
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did  not  viiry  Mgniticantly  from  one  sohent  s>>- 
tem  to  another.  Fherelbre.  the  simplest  system 
uas  subsequently  employed  lor  preparation  ol 
standard  solutions  of  PER.  TET.  TCE.  and  TRl 
i/.e..  an  appropriate  amount  of  haloearbon  u.is 
dissolved  in  i.-^ooetane  alone).  Standard  eur\es 
for  each  compound  were  generated  the  same  da\ 
th.u  ■'ample  anahses  were  perk'rmed.  .I'lng  the 
'ame  analytical  conditions. 

The  limit  ol  detection  ot  the  CiC  a'sa\  uas  ilc- 
tcrmined  b>  the  method  described  b\  MacDtni- 
gall  and  C'hummett  [.^21.  .A  signal-to-noise  ratio 
of  .'  or  greater  was  considered  as  the  limit  of  de- 
icction.  The  presence  of  background  noise  and 
an\  interfering  peaks  was  assessed  in  .nr  and  in 
ov'oel.inc  samples.  Neither  u.is  obscioed.  .is  tlie 
detector  baseline  was  consisieiuK  --t.ihle.  Hie 
anil  k'l  detection  lor  IRl.  IT  1:.  PER.  .mu  Il  f 
uas  found  to  be  1  ng.  This  amount  is  equivalent 
!o  .S.4.  N..^.  o.~.  and  6.h  parts  ol  cheniic.ii  per  bil¬ 
lion  parts  ol  air  lor  I  Rl.  1C  L.  1M.R.  .ind  I  l.I. 
respectively . 

ill  VIVO  lissiw  ineasiircnicnis 

The  concentration  of  PER  was  determined  in 
tissues  of  rats  following  intra-arterial  administra¬ 
tion  of  the  compound.  Male  Sprague-Dawley 
rats  of  325 -.V 5  ,g  from  Charles  River  Labs,  were 
surgically  implanted  with  an  indwelling  carotid 
artery  cannula.  The  cannula  e.xited  the  body  be¬ 
hind  the  head,  so  the  animal  could  not  disturb  the 
cannula,  but  have  freedom  of  movement.  Food 
was  withheld  during  an  18-h  recovery  period  be¬ 
fore  PER  administration.  PER  was  incorporated 
into  undiluted  polyethylene  glycol  400.  and  a 
dose  of  10  mg  PER/kg  body  weight  injected  as  a 
single  bolus  into  the  arterial  cannula.  Each  ani¬ 
mal  was  anesthetized  with  diethyl  ether  1  h  after 
dosing,  and  blood  taken  by  closed-chest  cardiac 
puncture.  Portions  ( I  g)  of  liver,  kidney,  brain, 
heart,  lung,  perirenal  fat.  and  skeletal  muscle 
were  e.xcised  within  2.5  to  3  min  from  each  ani¬ 
mal  and  immediately  placed  into  chilled  vials 
containing  2  ml  of  saline  and  S  ml  of  isooctane. 
The  samples  were  processed  for  PER  analysis  us¬ 
ing  the  isooctane  homogenization  procedure  de¬ 
scribed  previously. 


Srutisiics 

C’omparlson^  of  the  percentage  recovery  of 
PER  from  tissues  and  blood,  using  the  two  ho¬ 
mogenization  procedures,  were  made  using  Stu- 
dentN  z-tcsi.  A  two-w.iv  analyoN  of  variance  was 
utilized  to  a>sesr>  ihe  Mgniiicancc  of  variances 
among  ^tandard  curve^  for  the  dilferent  saline- 
oooctane  mixture'-  \  .iliics  were  coii'-idered  Mg- 
nilicaniiy  dilferent  at  p  --  i).o5.  The  iiuer-assav 
v.iriation  had  a  coeliicient  I'l  v.inatum  that  did 
not  exceed  12".,.  .ind  the  lnt^a-.i^^ay  coeflicient  ol 
variation  wax  le>.s  than  lO'b.  for  all  compounds 
tested. 

Rl  St  1  i  s 

ReMlll^  i>f  the  suidv  on  the  eifect  ol  iNOoctane 
.iiK|Uoi  '.online  oil  iiie  iiiieaiiiv  oi  lialocarbon 
quanlilicatiivn  are  presented  in  ITg.  1 .  A  very  sim- 
:l.ir  p.iitern  was  vfpserved  lor  .ill  tissues  studied, 
fhequaniiiy  oi  PI  R  increased  iinearaily  with  in¬ 
creasing  aliquot  volume  up  to  25  /il.  I  se  of  larger 
aliquots  of  isoociane  i/.c..  50  and  100  /tl)  did  not 
result  in  any  further  increase  m  the  amount  of 
measurable  PER. 

Recovery  values  ("ol  obtained  using  the  saline 
and  isvHKtane  homogenization  approaches  for 
PER  are  contrasted  in  Table  1.  Recoveries  were 
quite  good  with  both  procedures,  m  that  values 
ranged  from  approximately  72  to  104"-o.  Recov¬ 
eries  of  PER  from  kidney  ,  fat.  lung.  mu.scle.  and 
brain  were  significantly  higher  when  the  tissues 
were  homogenized  directly  in  isooctane.  Recov¬ 
ery  of  PER  from  liver,  heart,  and  blood  did  not 
differ  significantly  for  the  two  procedures. 

Recoveries  (“n)  of  PER.  TET.  TCE.  and  TRl 
from  spiked  tissues,  utilizing  the  isooctane  homo¬ 
genization  procedure,  are  tabulated  in  Table  II. 
Recovery  of  TET  was  generally  higher  than  was 
the  case  for  the  other  three  chemicals.  Recovery 
of  TCE  was  generally  the  lowest  of  the  four 
chemicals,  with  no  mean  values  exceeding  88"o 
for  any  tissue.  Indeed,  the  lowest  recovery  of 
TET  ii.e..  from  fat)  was  greater  than  the  highest 
recovery  of  TCE  (/.e..  from  muscle).  The  mean 
recoveries  of  PER.  TET.  and  TRl  from  fat  were 
quite  similar  (within  2%).  TCE  recovery  (73%) 
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I  is!.  I ,  F.lTcci  sit  isooctane  aliquot  volume  on  linearity  of  PER  cs'iitent  in  saniples  I'roni  iieari  and  lune  i.Xi.  lat  and  blood  (B).  brain  and 
muscle  (C).  and  liver  and  kidney  i  D).  .Miquv'i  volumes  of  5.  It).  2t).  25.  50.  and  ll)l>  id  were  vv  iihdravvn  fn'm  the  iirsiamc  phase  of  the 
',i4suc  honiosienatc  and  analv/ed  hv  (iC  headspace  analvMS. 


t'rom  fat  was  the  lowe.st  for  any  chemical  from 
any  tissue.  The  range  in  values  for  the  different 
tissues  was  the  smallest  for  TRI  (i.e..  less  than 
6'’^o)  and  the  largest  for  TCE  (i.c..  14.9%).  The 
recovery  of  the  four  volatile  chemicals  from  tis¬ 
sues  with  the  shortest  homogenization  time  (i.c.. 
liver,  fat.  and  brain)  was  not  substantially  differ¬ 
ent  from  that  from  other  tissues.  Unexpectedly, 
there  was  relatively  high  recovery  of  all  four  ha- 
locarbons  from  skeletal  muscle,  the  tissue  requir¬ 
ing  the  longest  homogenization  time.  No  tissue 
consistently  exhibited  higher  or  lower  recovery 
\  alues  for  any  of  the  four  chemicals. 

Standard  curves  for  PER  standards,  prepared 
using  four  different  solvent  and  saline  mixtures, 
are  shown  in  Fig.  2.  The  linear  regression  equa¬ 


tions  were  determined  to  be  v  =  25.9.v  -  1 3.3  for 
8  ml  isooctane.  25.9.y  -  iS.4  for  the  2  ml  saline-8 
ml  isooctane  mixture,  i  =  25.8.V  -  8.0  for  the  4 
ml  saline-8  ml  nonhomogenized  isooctane  mix¬ 
ture.  and  V  =  25.2.V  -  3.6  for  the  4  ml  saline-8 
ml  homogenized  isooctane  mixture.  For  ail  of  the 
data  considered  together,  the  linear  regression 
equation  was  y  =  24.3.Y  -  6.9.  Thus,  there  was 
no  statistically  significant  difference  between  the 
regression  equations  for  the  four  solvent  systems. 
Therefore,  neither  the  presence  of  saline  nor  ho¬ 
mogenization  significantly  affected  standard 
curves  for  PER. 

Concentrations  of  PER.  measured  in  tissues  of 
rats  1  h  following  intra-arterial  administration  of 
a  single  10  mg/kg  dose  of  PER.  are  shown  in  Ta- 
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TABLE  I 

LKFECTOI  HOMOCiLM/ \i  ION  I’ROC  EDI  Rl  ()\  llll 
RECOVERY  OE  PER 

Each  value  rcprcscnls  the  tiieaii  t  S  E  li’t  leemoiN  .'I  1.1. '.J 
ictraeliloroetli\ ieue  iPERi  lu'ii’  i'  ''iv'  ■  .  le  tt  i  .>  :.’i-  .  . 

tane  lu>moeent/aiioii  ,ind  lout  rafi  li'i  'aiiue  luniu'cem/aiu'r 
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ble  111.  PER  levels  in  the  fat  were  an  voider  r'l 
magnitude  or  more  higher  than  in  any  other  tis¬ 
sue  sampled.  The  concentrations  of  PER  mea¬ 
sured  in  the  liver,  kidney,  heart,  and  lung  were 
relatively  consistent  {i.c..  within  25" o  ofeach  oth¬ 
er).  Brain  levels  of  PER  were  appro.ximately  two¬ 


fold  higher  than  in  these  organs,  while  the  blood 
,ind  skeletal  muscle  exhibited  the  lowest  concen- 
tratutns. 

:|S(  I  SNic  l\ 

( iC  lechnieiues  are  nnitinelv  used  to  determine 
e\eis  r'i  \  ()C's  in  en\ irimmeniai  and  biological 
'.imnies,  Wallace  a  iii.  iitiii/ed  (iC  purge- 
mi  -Iran  lechmtiucs  lo  comiuct  iarge-scaie  sur- 
ev"  oi  human  exposure  lo  \  ( )t  s  m  drinking  wa- 
er.  uuivior  and  outdrH'r  a;r.  tiL  purge-  and  -tr.ip 
leciinieiLies  lia\e  also  been  loed  successluilx  lo 
neasiire  -xmceniraiion'  .1  \  OC's  m  iuimaii 

dixni  l2~.2‘*.-'i)..'41.  miik  .ind  urine  12''’ 

'.iC'C  ..".O'  .ire  precoe  .uui  u.iiie  'cnsili'.e. 

:ieciroinetnc  ..omnuter  .uiaO'C'.  t)iher  iinesii- 
Mtois  n.oe  iiscii  siaio' t  o'  heavispacc  methovls  to 
aaniir.  i!.i)ocari''ons  .mo  >'ii]er  \  ( )(  s  m  isiooti 
i  4. 1  i.  Sucii  iie.kispace  .iiiapses  oii'cr  liie 

.idxantages  of  speed  .ind  simpiicity.  such  that 
large  numbers  ol'  samples  can  be  assayed  daily 
using  a  gas  chromatograph  equipped  with  an  au¬ 
tosampler.  .Although  each  of  the  aforementioned 
techniques  generally  work  well  for  air  and 
liquids,  little  attention  has  been  devoted  tii 
adapting  them  for  measurement  of  \’OCs  in  solid 
i  issues. 


TABLE  II 

RECOVERY  OF  C,  MALOALKANES  AND  IIALOALKEM  S  FROM  BLOOD  AND  TISSL  I.S 

Values  represcnl  the  mean  ±  S.E.  lor  measuremeni  in  spiked  lissues  taken  Irom  eielil  rais.  Each  spiked  tissue  w.is  homogenized  in  S  mi 
ice-eold  isooeiane’ and  1  ml  saline,  \orte\-mixed.  eeniril’ueed  .il  4  (  .  .uul  .in  ahmioi  ol  the  isooei.iiie  .isvised  h\  lieadsp.iee  (iC  .o 
described  in  Experimental. 
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A  pracucal  iccliniquo  lor  procc.sMiig  and  ex¬ 
tracting  C:  halocarbons  iVom  tissues  tor  subse¬ 
quent  GC  headspace  analyses  is  reported  here. 
Several  approaches  for  determination  of  VOC  A  in 
tissues  have  been  employed  previously,  with  lim¬ 
ited  success.  Direct  injections  of  tis.sue  homog- 


TABLF  in 

TISSUE  CONCENTRATIONS  OF  PER  IN  RATS  FOl  LOW 
ING  /.V  I  vro  EXPOSURE 

Each  animal  was  sacrificed  I  h  alter  inira-aricnal  adminisiraiion 
ol'  10  mg  1 . 1 .2.2-tetrachlorocthylcnc  IPER)  per  kg  body  ueielii 


Tissue  PER  eoneeniralion" 

ipg  g) 


Liver  2.4  t  0  ,6 

Kidney  2.7  ±  0.4 

Fat  4X.I  ±  4.1 

Heart  .'.()  ±  0.2 

Lung  2  .1  ±  0.2 

Muscle  1.0  4:  0,2 

Brain  4,7  i  ll,4 

Blood  I  . 4  t  0.1 


•'  Values  represent  the  mean  ±  S.E.  lor  lour  rats. 


eiutie.s  or  soKeiu  cxiraeLs  oi  homogenates  ha\e  a 
number  i>f  inherent  problems,  including  loss  of 
the  \  ()C'  b\  yolaiilization.  GC  column  contam¬ 
ination.  interference  by  biological  matrices  and 
lipophilic  macromolecules,  and  limited  sensitiv¬ 
ity.  One  method  for  measuring  toluene  in  blood 
and  tissues  iimiixed  extraction  with  methanol, 
scleciixe  adsorption  onto  Tenax.  and  desorption 
from  the  I'enax  with  heat  into  a  gas  chromato¬ 
graph  |24].  .\  significant  problem  in  measuring 
V'OCs  in  solid  tissues  is  \oiatization  of  the  ana¬ 
lyte  during  tissue  processing.  Peterson  and 
Bruckner  [24]  attempted  to  overcome  this  diHi- 
culty  by  crushing  the  tissues  with  a  rod  under 
methanol  within  a  closed  container.  This  .tech¬ 
nique  wtis  reasonably  successful  (c.g..  73  and 
d2'’.«  recovery  of  toluene  from  liver  and  brain, 
respectively),  but  recoveries  from  other  tissues 
were  limited  by  incomplete  maceration  and  es¬ 
cape  L>f  toluene  from  the  maceration-extraction 
container.  This  technique  was  also  labor-inten¬ 
sive  and  time-consuming,  as  was  a  purge-  and 
-trap  method  desen'  rd  b\  Lin  a  cil.  [28]  for  mea¬ 
suring  1.1- and  i.2-dichloroethylene  ( 1.2-DCE). 
The  procedure  of  Lin  c/  al.  [28]  involved  thermal 
desorption  of  halocarbons  from  previously 


:(i6 

minccd  tissues  within  a  purging  device.  The 
chenllcai^  were  subsequentiv  trapped  on  a  Tena.x 
column  and  desorbed  with  heat  into  a  gas  chro¬ 
matograph.  Mean  recovery  values  for  1.2-DCE 
liom  li\cr.  kidney,  brain,  and  adipose  tissue  were 
N).  5.T  <i.'  and  93“ ».  respectively  (2.S|.  The  purge- 
and  -trap  technique  of  Pellizzari  and  co-workers 
i2".3.^|  .ii>o  resulted  m  low  recosery  w.i..  13 
S()“„)  of  a  >enes  of  halocarbons  from  adipose  tis¬ 
sue.  The  method  iinoKed  transfer  of  .^-g  portions 
c>f  frozen  adipose  tissue  to  a  lOO-ml  rouiui-bot- 
tom  purging  llask  maintained  in  an  ice  bath,  ad¬ 
dition  of  the  halocarbon  dissolved  in  distilled  ua- 
ter.  and  maceration  with  a  Virtis  tissue  honu'ge- 
nizer.  The  llask's  contents  were  then  heated  to 
.^0  (  .  siirred  and  purged  with  helium  for  3ii  mm. 
:n  (U'der  'o  transfer  the  aiiaUte  to  .i  lenax  e<'l- 
amn.  These  researchers  |2"’.3-^i  attributed  their 
low  recovery  values  and  mtirked  inter-sample 
vanabihiv  to  halocarbon  K>sses  durme  i issue 
maceration  and  transfer,  as  well  as  retentum  of 
the  analyte  by  comple.x  matrices  aiid  lipophilic 
compounds.  In  contrast,  the  technique  presented 
in  the  current  paper  is  quite  efficient,  in  that  it 
involves  a  homogenization-extraction  step  and 
the  relative  ease  and  speed  of  GC  headspace 
analysis.  The  method  was  also  sensitive  {i.c..  limit 
of  detection  =  1  ng)  and  efficient,  in  that  recov¬ 
eries  of  four  different  halocarbons  from  a  v  ariety 
of  tissues  were  quite  high  {i.c..  73-l()4"o)  and 
consistent  [i.c..  highest  S.E.  =  4.9“ n). 

.An  important  factor  in  the  present  procedure 
was  the  limitation  in  the  volume  of  aliquot  that 
could  be  employed  in  the  headspace  vials.  As 
standard  curve  measurements  were  no  longer  lin¬ 
ear  at  volumes  above  2.5  /tl.  a  20-/(l  aliquot  was 
selected  for  subsequent  u.se.  There  was  a  statisti¬ 
cally  higher  recovery  from  most  tissues  when  us¬ 
ing  isooctane  homogenization  than  when  using 
saline  homogenization.  It  appears  that  homoge¬ 
nization  of  tissues  in  an  aqueous  solution  ii.e.. 
saline),  with  subsequent  extraction  into  isooc¬ 
tane.  provided  more  opportunity  for  loss  of  the 
volatile  chemicals  through  evaporation  than  did 
the  single  step  of  homogenization  in  isooctane. 
Isooctane  proved  to  be  superior  to  a  variety  of 
other  organic  solvents  for  extraction  of  all  four 
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halocarbons  (unpublished  data).  Other  solvents 
that  were  employed  included  methanol,  ethyl 
acetate,  n-hexane.  cyclohexane,  and  toluene. 
Some  solvents  (i  .tr .  ethyl  acetate)  worked  well 
tt>r  one  halocarbt'n.  but  not  lor  cuhers.  l.xooctane 
provided  the  highest  recovery  without  interfering 
peaks  for  all  four  halocarbonx. 

The  applicability  of  this  approach  for  analysis 
of  ('-  halocarbons  was  demonstrated  by  its  use 
with  two  haioaikaiies  and  two  iiak'alkenes  with 
'-iilfcring  phv sicochcmical  properties  As  would 
be  expected,  the  relative  volatility  of  the  chem¬ 
icals  alfected  the  recovery  .  The  boiling  points  of 
TRI.  A  PER.  and  TET  arc  "4.  SP.”.  121.  and 
!4().~  (  cspectively  136).  TET.  the  least  volatile 
^hcmic.ii.  cxiiibiied  the  iiighcst  recovery  Irom 
•'loNt  ii-.siie''  Rect'verv  oi  PT  R  w.is.iiso  relatively 
high  liami  each  tissue  except  the  Heart.  It  is  note- 
wtvrihv  that  PER  is  the  most  lipophilic  id  the  ha- 
iocarbons  |3''l.  .md  therciore  should  be  most  effi¬ 
ciently  extracted  by  isooctane.  TC'E  generally  ex- 
liibited  the  lowest  recovery  values  is  would  be 
anticipated  from  its  relatively  high  volatility  and 
low  lipophilicity.  Recovery  of  TRI  was  unexpect¬ 
edly  high  from  most  tissues.  One  would  predict 
that  TRI  recovery  should  also  be  relatively  low. 
since  it  was  the  most  volatile  and  one  of  the  least 
lipophilic  of  the  four  compounds  studied. 

.A  basic  tenet  of  toxicology  is  that  of  the  dose- 
response  relationship  {i.c..  the  magnitude  of  toxic 
effect  is  a  function  of  the  administered  dose).  The 
concept  of  dose  is  now  being  rehned.  as  it  is  rec¬ 
ognized  that  the  amount  of  chemical  absorbed 
systemicallv  {i.c..  the  internal  dose)  can  vary  sig¬ 
nificantly  with  route  of  exposure,  dosing  vehicle 
and  animal  species.  The  blood  level  over  time  fol¬ 
lowing  exposure  has  been  accepted  historically  as 
an  index  of  internal  dose,  but  it  often  may  not 
accurately  reflect  concentration  of  chemicals  at 
sites  of  action  within  tissues.  Thus,  the  most  log¬ 
ical  and  precise  measures  of  dose  are  time  inte¬ 
grals  of  target  organ  concentrations  of  bioactive 
chemicals  [38].  Unfortunately,  there  are  a  paucity 
of  tissue  level  vcr.sii.s  time  data  sets  for  VOCs.  due 
largely  to  the  technical  difficulties  and  the  inordi¬ 
nate  time  involved  in  quantification  of  these 
highly  volatile  compounds  in  individual  samples. 
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In  order  lo  derive  appropriate  iiine-eoiirse  data, 
tissue  eoneentrations  must  he  iiiea>ured  seoueii- 
tially  during  and  post  exposure  in  separate 
groups  of  animals,  neeessitating  analysis  ol'  a 
large  number  ot' samples.  .\  tecliniaue  is  pre-eni- 
ed  here,  uhieh  ailous  rapid  processing  ana  ex¬ 
traction  ol'C':  luiloearbons  I'rom  a  \ariet\  v>t  or¬ 
gans.  lor  Nubsei.|Lient  (iC  headspace  .inal\''eN  b' 
use  ol  such  a  procedure,  it  should  be  possioie  to 
generate  ci'inprelien^ix e  ti^Mie  do'e  i iine-v. uu-e 
data  to  eorreiate  with  loxicitx  dai.i.  Recounuior: 
.ind  Litili/ation  ol  sucli  inlormation  can  MiONUiii- 
tialK  reduce  uncertainties  inherent  in  to\ien\ 
.ind  eaivinoecnicitx  .l'^essmenI''  oi  l\iiOv;i:  - 
bons  and  other  \  ( )( b. 
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ABSTRACT 

Development  of  a  Physiologically  Based  Model  for  Perchloroethylene 
Pharmacokinetics  Using  Tissue-Concentration  Time  Data.  DALLAS,  C.E.,  CHEN,  X.M.  , 
O'BARR,  K. ,  MURALIDHARA,  S.,  VARKONYI,  P. ,  AND  BRUCKNER,  J.V.  (1993)  Toxicol. 
Appl.  Pharmacol.  0,  00-00. 

The  tissue  disposition  of  perchloroethylene  (PCE)  was  determined 
experimentally  in  rats  in  order  to  1)  obtain  model  input  parameters  from  in  vivo 
data  for  the  development  of  a  physiologically  based  pharmacokinetic  (PBPK)  model, 
and  2)  forecast  the  disposition  of  PCE  in  a  variety  of  tissues  following 
Inhalation  exposure.  For  the  derivation  of  model  input  parameters,  male  Sprague- 
Dawley  rats  received  a  single  bolus  of  10  mg  PCE/kg  bw  in  polyethylene  glycol  400 
by  intraarterial  injection  through  an  indwelling  carotid  arterial  cannula.  For 
the  testing  of  the  PBPK  model  simulations,  male  Sprague -Dawley  rats  inhaled  500 
ppm  PCE  for  2  hours  in  dynamic  exposure  inhalation  chambers.  Serial  samples  of 
brain,  liver,  kidney,  lung,  heart,  skeletal  muscle,  perirenal  adipose  tissue,  and 
blood  were  taken  for  up  to  48  hr  following  ia  administration  and  during 
inhalation  exposure  and  up  to  72  hr  post- exposure .  Blood  and  tissue  PCE 
concentrations  were  analyzed  using  a  gas  chromatography  headspace  technique. 
Following  ia  administration,  there  were  similar  terminal  elimination  half-lives 
(t^)  for  each  of  the  tissues.  As  comparable  tissue  th  were  consistent  with  a 
blood-flow  limited  model,  tissue-blood  partition  coefficients  were  calculated  for 
non- eliminating  compartments  by  division  of  the  tissue  area-under-the-tissue- 
concentration- time  curve  (AUC)  by  the  blood  AUC.  For  the  liver,  the  first-order 
metabolic  rate  constant  and  tissue  PCE  concentration  were  also  employed  in  the 
calculation.  A  PBPK  model  was  developed  using  these  parameters  derived  from  ia 
data  and  used  to  make  predictions  of  the  tissue  concentrations  in  each  of  the 


model  compartments  during  and  following  PCE  inhalation  exposure.  Overall, 
predicted  tissue  concentrations  were  in  agreement  with  the  direct  measurements 
conducted  over  time  in  teh  seven  tissues  and  in  blood.  Tissue  concentration  time 
data  can  thus  provide  valuable  input  for  halocarbon  PBPK  model  parameter 
estimates,  which  resulted  in  a  PBPK  model  in  which  there  is  greater  confidence 
in  the  accuracy  of  the  tissue  compartments  which  comprise  the  model. 


4 


INTRODUCTION 

A  fundamental  basis  in  the  development  of  physiologically  based 
pharmacokinetic  (PBPK)  models  in  the  division  of  the  body  into  anatomical 
compartments  representing  individual  organs  or  groups  of  organs  which  share  a 
common  characteristic.  A  mass  balance  differential  equation  is  written  for  each 
compartment  in  the  model,  based  upon  anatomical  and  physiological  parameters 
(l.e.,  tissue  volumes  and  blood  flow  rates)  for  the  test  species  and  upon 
physicochemical  parameters  (i.e.,  partition  coefficients  and  biochemical 
constants)  for  each  chemical  (Gerlowski  and  Jain,  1983)  .  Solution  of  the  set  of 
mass  balance  differential  equations  generates  chemical  concentrations  as  a 
function  of  time  in  each  compartment/tissue.  Obviously,  evaluation  of  the 
accuracy  of  the  predicted  chemical  concentrations  in  each  compartment  is 
important  to  determining  model  accuracy  since  the  model  to  a  significant  extent 
is  comprised  of  these  tissue  compartments. 

Although  knowledge  of  the  deposition  of  chemicals  in  the  tissues  is  of 
major  importance  in  model  evaluation,  most  testing  of  the  accuracy  of  PBPK  model 
predictions  concerning  the  uptake  and  elimination  of  volatile  organic  compounds 
(VOCs)  has  been  from  comparison  to  observed  values  in  the  blood  or  exhaled 
breath.  Blood  level  over  time,  as  a  measure  of  bioavailability,  has  classically 
been  accepted  as  an  index  of  the  level  of  chemical  in  the  body,  and  therefore  a 
representative  index  of  toxic  effects.  This  assumption  can  be  misleading,  in 
that  blood  concentrations  may  not  be  reflective  of  the  concentration  of  chemical 
or  active  metabolite  at  the  site  of  action  in  a  target  tissue.  Thus,  a  more 
logical  measure  of  target  organ  exposure  is  the  area  under  the  tissue 
concentration  versus  time  curve  for  the  reactive  chemical  (Andersen,  1987a). 
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Unfortunately,  only  a  limited  number  of  published  studies  have  tested  the 
ability  of  PBPK  models  to  accurately  predict  time  integrals  of  tissue  exposure 
to  VOCs,  apparently  due  to  the  paucity  of  tissue  concentration  versus  time  data 
sets.  This  lack  of  data  is  due  to  the  considerable  effort  required  in  such 
studies  and  to  technical  problems  with  quantitation  of  the  volatile  chemicals  in 
solid  tissues.  In  a  typical  case,  the  only  tissue  data  Reitz  et  al.  (1988)  had 
to  use  for  testing  their  TRI  model  were  levels  of  radioactivity  measured  by 
Schumann  et  al.  (1982)  in  the  liver  and  fat  of  mice  and  rats  at  the  termination 
of  6-hour  inhalation  exposures  to  ^*C-TRI.  Measurement  of  radioactivity,  of 
course,  does  not  distinguish  between  parent  compound,  metabolites  and  which 
has  entered  the  carbon  pool .  It  should  also  be  recognized  that  VOCs  are  very 
rapidly  absorbed  from  the  lung  (Dallas  et  al.,  1983;  Dallas  et  al .  ,  1989)  and  GI 
tract  (D'Souza  et  al,,  1985;  Putcha  et  al.,  1986)  into  the  bloodstream, 
transported  to  tissues,  and  quickly  eliminated  post  exposure.  Manifestation  of 
CNS  effects  (Bruckner  and  Peterson,  1981)  and  cytotoxicity  (Rao  and  Recknagel, 
1968;  Lowry  et  al.,  1981;  Luthra  et  al.,  1984)  occur  within  minutes  of  the  onset 
of  VOC  exposure.  Thus,  it  is  important  to  delineate  time-courses  of  tissue 
uptake  and  elimination  of  selected  VOCs,  particularly  during  the  critical  "early 
period"  of  exposure  when  many  important  events  in  cellular  dysfunction  and  injury 
occur. 

Toward  this  end,  tissue -concentration  time  data  sets  were  generated  for 
perchloroethylene  (PCE)  exposures  in  rats.  Intraarterial  administration  of  this 
VOC  was  utilized  to  generate  data  to  be  utilized  in  the  in  vivo  derivation  of 
critical  PBPK  model  parameters,  particularly  tissue ;blood  partition  coefficients . 
A  PBPK  model  developed  on  this  basis  was  then  tested  for  model  accuracy  in  its 
tissue  compartments  by  comparison  to  observed  tissue  concentration- time  data 
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during  and  following  inhalation  exposure  to  PCE.  In  this  way,  useful  model 
parameters  and  evaluation  of  the  validity  of  model  compartments  were  procured 
from  detailed  measurements  of  tissue  uptake  and  elimination. 

METHODS 

Male  beagle  dogs  (6-15  kg)  obtained  from  Marshall  Farms  (North  Rose,  NY), 
adult  male  Sprague -Dawley  rats  (325-375  g) .  obtained  from  Charles  River 
Laboratories  (Raleigh,  NC) ,  were  employed  in  these  studies.  The  animals  were 
maintained  on  a  constant  light-dark  cycle,  with  light  from  0700  to  1900  hr  and 
darkness  from  1900  to  0700  hr.  Rats  were  housed  in  stainless -steel  cages  in  a 
ventilated  animal  rack.  Tap  water  and  Ralston  Purina  Formulab  Chow®  were 
provided  ad  libitum.  The  rats  were  used  after  at  least  a  7-day  acclimation 
period,  at  which  time  they  were  approximately  12  weeks  old.  Solvent  exposures 
were  initiated  between  1000  and  1200  hr  each  day. 

1,1,2,2-Perchloroethylene  (PCE)  (tetrachlorcethylene)  of  99%+  purity  was 
obtained  from  Aldrick  Chemical  Co.  (Milwaukee,  WI).  The  purity  of  the  chemical 
during  the  conduct  of  the  study  was  verified  by  gas  chromatography.  For 
intraarterial  (ia)  administrations  to  rats,  a  cannula  was  surgically  implanted 
into  the  common  carotid  artery.  The  rats  were  anesthetized  for  the  surgical 
procedure  by  im  injection  of  0.8  ml/kg  of  a  mixture  consisting  of  ketamine  HCl 
(100  mg/ml) laceoromazine  maleate  (10  mg/ml) :xylazine  HCl  (20  mg/ml)  in  a 
proportion  of  3:2:1  (v/v/v) .  The  cannulated  animals  were  allowed  relative 
freedom  of  movement  during  a  24 -hr  recovery  period  with  the  cannulas  protected 
from  manipulation  by  surgical  tape  at  the  back  of  the  head.  All  animals  employed 
in  the  tissue  kinetic  studies  were  unanesthetized.  For  ia  administration,  PCE 
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was  given  as  a  single  bolus  at  a  dose  of  10  mg/kg,  using  polyethylene  glycol  400 
volume/kg  bw  as  a  vehicle. 

Inhalation  exposures  of  freely  moving  animals  were  conducted  in  1.0 
Rochester- t3rpe  dynamic  flow  chambers.  Test  atmospheres  of  halocarbons  were 
generated  by  vaporization  of  the  compounds  under  different  combinations  of  air 
flow-  and  temperature-controlled  schedules.  A  constant  flow  of  liquid  chemical 
was  infused  into  a  glass  dispersion  flask  using  a  synchronous  drive  flow  pump 
(Fluid  Metering,  Inc.).  Air  or  nitrogen  was  passed  through  the  dispersion  flask 
at  a  constant  rate  and  directed  into  the  chamber  influent  air  stream.  A  heating 
mantle  was  placed  around  the  dispersion  flask,  and  narrowly  controlled 
temperature  limits  maintained  for  volatilization  continuity.  The  entire 

halocarbon- generating  system  was  enclosed  in  specially  fabricated  safety  boxes. 
The  boxes  were  maintained  under  constant  negative  pressure  during  inhalation 
exposures  in  the  same  manner  as  the  inhalation  chambers.  Exhaust  air  from  the 
box  chambers  and  the  generation  box  were  vented  to  HEPA  and  charcoal  filters,  so 
that  all  air  with  any  chemical  was  scrubbed  before  release  to  the  environment. 

The  chambers  were  operated  at  flow  rates  of  7  to  15  ft®  per  minute  (1/4  to 
1/2  changes  of  the  chamber  volume  per  minute) .  A  negative  pressure  between  20 
and  50  mm  was  maintained  at  all  times  during  operation  of  the  chambers. 
Concentrations  of  the  halocarbon  vapors  in  the  chamber  air  were  monitored  by 
withdrawing  one  ml  samples  of  air  from  the  chamber  and  directly  injecting  the 
samples  into  a  Tracor  MT560  gas  chromatograph  (Tracor  Instruments,  Austin,  TX) . 
Standards  were  prepared  in  each  of  four  9-liter  bottles  equipped  with  Teflon® 
stoppers  with  needles  from  which  air  samples  could  be  taken  by  syringe.  Analyses 
for  monitoring  the  500  ppm  exposures  were  conducted  using  a  flame  ionization 
detector  (FID).  Air  samples  were  procured  with  a  gas-tight,  1-ml  syringe  and 
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Injected  directly  onto  an  8 -ft  X  1/8 -in  stainless  steel  column  packed  with  0.1% 
AT  1000  on  GraphPak.  Operating  temperatures  were:  150*C,  Injection  port;  200*C, 
FID  detector;  350“C,  ECD  detector;  110*C,  isothermal  column  operation. 

In  a  typical  exposure  sequence,  groups  of  5  rats  were  placed  into  *>ach  of 
a  set  of  wire -mesh  exposure  cages  and  positioned  in  the  exposure  chamber.  Each 
animal  was  individually  housed  in  the  cage,  so  that  the  animals  cannot  limit  its 
inhalation  of  the  halocarbon  vapors  by  burying  its  nose  in  one  another's  fur. 

Groups  of  animals  (n-4  rats)  were  serially  sacrificed  (using  etherization) 
at  the  following  times  following  ia  dosing:  1,  5,  10,  15,  30,  and  60  min,  and  1, 
2,  4,  6,  12,  36,  48,  and  72  hr.  For  inhalation  exposures,  sampling  times  were 
at  15,  30,  60,  90,  and  120  minutes  during  exposure,  and  0.25,  0.5,  1,  2,  4,  6, 
12,  24,  36,  48,  and  72  hrs  post-exposure.  Blood  samples  were  obtained  by  cardiac 
puncture.  Approximately  1  g  samples  of  liver,  kidney,  brain,  lung,  heart, 
perirenal  fat,  and  skeletal  muscle  were  then  quickly  removed  and  placed  into 
previously  chilled  20-ml  glass  vials  containing  2  ml  of  ice-cold  saline  and  8  ml 
of  isooctane.  Each  tissue  was  then  homogenized  for  an  established  time  interval 
with  a  Ultra-Turrax  SDT  homogenizer  (Tekmar  Co.,  Cincinnati,  OH).  These  times 
were  kept  as  brief  as  possible  in  order  to  minimize  volatilization  of  the 
halocarbons.  Brain,  liver,  and  fat  were  the  most  easily  homogenized,  requiring 
only  3-4  sec.  Kidney,  lung  and  heart  required  5-8  sec.  Skeletal  muscle  was  the 
most  difficult  to  homogenize,  in  that  it  required  20  sec.  The  homogenates  were 
then  centrifuged  at  1800  x  g  for  10  min  at  4®C  in  capped  vials.  An  aliquot  of 
the  isooctane  layer  was  transferred  to  8 -ml  headspace  vials.  These  vials  were 
capped  immediately  with  rubber  septa  and  a  spring  washer  and  crimped  to  insure 
an  airtight  seal.  Each  sample  vial  was  then  placed  into  the  autosampler  unit  of 
a  gas  chromatograph  (GC)  .  The  limit  of  detection  for  PCE  was  approximately  1  ng, 
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or  6.7  parts  of  PCE  per  billion  parts  of  air  in  the  sample  vial.  Percent 
recovery  of  the  procedure  for  PCE  for  each  tissue  was  employed  in  determining  the 
final  tissue  concentration,  as  described  by  Chen  et  al.  (1992). 

A  model  Sigma  300  GC  equipped  with  a  HS-6  headspace  sampler  (Perkin  Elmer 
Co.  ,  Norwalk,  CT)  was  used  for  Che  analysis  of  the  halocarbon.  The  GC  was 
equipped  with  an  electron  capture  detector.  Analyses  were  carried  out  on 
stainless-steel  columns  (182  cm  x  0.317  cm)  packed  with  10%  FFAP  (Alltech 
Associates,  Deerfield,  IL) .  The  GC  operating  conditions  were:  headspace  sampler 
temperature,  90®C;  injection  port  temperature,  200®C;  colvimn  temperature ,  llO'C; 
detector  temperature,  400“C:  flow  rate  for  argon/methane  carrier  gas,  60  ml/min. 
All  analyses  were  conducted  using  a  20-/il  aliquot  of  isooctane  in  the  8 -ml 
headspace  vials.  Each  sample  vial  was  heated  thermostatically  for  10  min  in  the 
GC  autosampler  unit,  pressurized  for  30  sec  with  the  carrier  gas,  and  injected 
automatically  by  a  solenoid-controlled  mechanism  into  the  GC  column.  The 
aforementioned  conditions  resulted  in  vaporization  of  the  halocarbons  in  the 
sample  vials,  since  PCE  was  heated  to  a  temperature  slightly  below  its  boiling 
point,  and  the  vial  subsequently  pressurized  and  vented  into  the  GC. 

The  disposition  of  PCE  during  and  following  inhalation  exposures  in  the  rat 
was  predicted  using  a  physiologically-based  pharmacokinetic  (PBPK)  model  for  po 
(Fig.  la)  and  ia  (Fig.  lb)  administration.  It  was  similar  to  PBPK  models 
previously  developed  by  Angelo  and  Pritchard  (1984)  and  Ramsey  and  Andersen 
(1984)  for  other  VOCs,  in  that  it  provided  for  inhalation  and  exhalation  through 
a  lung  compartment,  metabolism  in  a  liver  compartment,  and  blood- flow- limited 
organ  representations.  The  current  model  differed  primarily  in  that  it  included 
a  greater  number  of  tissue  compartments.  Values  determined  in  this  laboratory 
were  employed  for  tissue  volumes  and  blood  flows  (Delp  et  al.  ,  1991)  and  alveolar 
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ventilation  (Dallas  et  al.,  1991)  for  the  T»ale  Sprague -Dawley  rat.  In  vivo 
tissue  :blood  partition  coefficients  were  calculated  from  ia  data  obtained  in  the 
present  study  by  the  area  method  of  Gallo  et  al.,  (1987).  The  metabolic 
parameters  K„  and  V„.„.  and  blood: air  coefficients  were  estimated  from  the 
observed  data  by  nonlinear  regression  analysis. 

The  area  under  the  concentration- time  curve  (AUC)  for  blood  and  tissues  was 
determined  from  the  time  of  administration  to  infinity.  Total  body  clearance  was 
determined  as  the  dose  divided  by  the  blood  AUC  in  each  species.  Bioavailability 
was  calculated  by  AUC  po/AUC  ia.  The  maximum  concentration  reached  in  blood  and 
tissues  (C„.,)  and  the  time  after  dosing  that  it  occurred  (T,..,)  were  determined 
by  observation  of  the  available  data  points. 

Differential  mass  balance  equations,  incorporating  the  parameters  listed 
in  Table  1,  that  described  the  transport  of  PCE  in  the  rat  were  numerically 
integrated  with  the  Advanced  Continuous  Simulation  Language  (ACSL)  computer 
program  (Mitchell  and  Gauthier,  Concord,  MA) .  The  solution  to  the  equations 
provided  predicted  PCE  concentrations  over  time.  The  model -predicted  cumulative 
uptake  values  were  equal  to  the  sum  of  the  simulated  amounts  of  PCE  in  each 
tissue  compartment  in  the  model. 


RESULTS 

In  the  measurement  of  PCE  in  tissues  following  ia  administration  (Figs.  2 
and  3) ,  PCE  appeared  to  be  eliminated  somewhat  more  rapidly  from  the  liver  than 
from  other  tissues.  All  of  the  extrahepatic  tissues  exhibited  quite  similar  th 
values,  ranging  from  389-496  min  after  ia  injection  (Table  1).  As  would  be 
anticipated  for  a  chemical  as  highly  lipophilic  as  PCE,  the  C„„  and  AUC  values 
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for  the  adipose  tissue  were  substantially  greater  that  for  all  other  tissues 
following  ia  administration. 

The  degree  of  blood  perfusion  had  a  significant  impact  on  tissue 
disposition  of  PCE  in  the  rat.  Highly  perfused  organs  such  as  kidney  and  brain 
had  similar  C„.,.  AUC,  and  th  values  for  each  route  of  administration.  Poorly 
perfused  and  nonllpoidal  tissues,  such  as  skeletal  muscle,  had  lower  C..„  and  AUC 
values  than  these  hi ghly  perfused  tissues . 

Tissue  :blood  partition  coefficients  were  calculated  from  the  ia  tissue  AUC 
data,  and  are  presented  in  Table  2.  Due  to  the  high  degree  of  lipophilicity  of 
PCE,  the  fat: blood  value  was  almost  two  orders  of  magnitude  greater  than  for  the 
nonfat  tissues.  The  highly  perfused  tissues  such  as  liver,  kidney,  and  brain  had 
similar  values,  and  were  higher  than  the  other  nonfat  tissue  values. 

Pharmacokinetic  parameter  estimates  following  the  2  hr  inhalation  exposure 
to  500  ppm  PCE  are  presented  in  Table  3.  The  Ca„  achieved  in  fat  tissues  was 
9-18  times  higher  than  in  the  nonfat  tissues.  The  tissue  AUC  for  fat  was  also 
45-80  times  higher  than  AUC  values  for  the  nonfat  tissues.  Among  nonfat  tissues, 
the  brain  had  the  highest  values  for  AUC,  tH,  and  C„„.  These  values  were 
similar  to  those  observed  for  the  liver  during  inhalation  exposure.  As  a 
generally  poorly  perfused  tissue,  the  muscle  had  the  lowest  C„„  and  a  relatively 
low  th. 

Using  the  parameter  estimates  from  the  ia  tissue  disposition  data,  a  PBPK 
model  was  developed  for  predicting  the  pharmacokinetics  of  PCE  in  tissues  during 
and  following  inhalation  exposure.  Predictions  of  PCE  tissue  concentrations  are 
compared  to  the  experimentally  determined  (i.e.,  observed)  concentration  versus 
time  profiles  (Figs.  4  and  5).  Overall,  concentrations  of  PCE  both  during  and 
following  inhalation  exposure  were  well  predicted  by  the  model.  Predictions  of 


12 


PCE  concentrations  in  the  liver  and  kidney  were  in  close  agreement  during  and 
immediately  following  exposure,  with  slight  overpredictions  during  the  terminal 
elimination  phase  (Figs.  4a  &  b) .  Concentrations  of  PCE  in  the  fat  were 
accurately  predicted  during  inhalation,  with  a  slight  but  consistent 
underprediction  du-^ing  inhalation  for  heart,  lung,  brain,  and  blood  (muscle 
concentrations  were  well  predicted  during  exposure),  and  for  all  four  tissue 
groups  and  the  blood  immediately  following  exposure.  During  the  terminal 
elimination  phase,  predictions  of  PCE  in  all  five  groups  was  slightly 
overpredicted . 

DISCUSSION 

PBPK  model -predicted  PCE  concentrations  in  rat  tissues  in  the  present 
investigation  were  in  close  agreement  with  direct  measurements  of  the  chemical 
over  time.  Previous  validations  of  PBPK  models  for  PCE  and  most  other  volatile 
organic  halocarbons  (VOCs)  have  primarily  relied  on  blood  and  exhaled  breath  data 
(Chen  and  Blancato,  1987;  Travis,  1987;  Ward  et  al.,  1988).  For  example,  the 
model  of  Reitz  et  al.  (1988)  reliably  forecast  blood  and  exhaled  breath  levels 
of  TRI  in  mice,  rats  and  humans  during  and  following  inhalation  exposures.  Their 
PBPK  model  was  also  versatile  enough  to  forecast  the  kinetics  of  TRI  in  rats 
given  the  chemical  iv  and  orally,  as  well  as  predicting  target  organ  (i.e., 
liver)  concentrations  in  humans  who  may  consume  trace  levels  of  TRI  in  their 
drinking  water.  However,  no  tissue  data  were  available  for  humans  or  other 
species  for  verification  of  the  model  predictions  of  target  organ  concentrations . 

There  have  been  relatively  few  attempts  to  model  the  uptake  and  elimination 
of  halocarbons  and  other  VOCs  in  tissues.  In  papers  published  to  date  (Ramsey 
and  Andersen,  1984;  Reitz  et  al.,  1988;  Travis  et  al.,  1990),  the  authors  had  to 
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utilize  the  limited  available  tissue -concentration  time -course  data  of  other 
investigators.  In  the  current  investigation,  a  PBPK  model  was  developed  to 
describe  the  time-course  of  blood  and  tissue  concentrations  of  PCE,  utilizing 
tissue  concentration- time  data  following  intraarterial  injection  into  rats.  This 
model  differs  from  most  previously  published  PBPK  models  for  VOCs  primarily  in 
that  it  includes  a  greater  number  of  tissue  compartments.  Additionally,  most  of 
the  physiological  input  parameters  (i.e.,  respiratory  minute  volume,  cardiac 
blood  flow,  individual  tissue  blood  flows,  and  tissue  volumes)  were  carefully 
measured  in  rats  of  the  same  age/body  weight  as  those  used  in  the  VOC  exposures 
(Dallas  et  al.,  1991;  Delp  et  al.,  1991;  Manning  et  al.,  1992).  Partition 
coefficients  were  calculated  by  the  "area"  method  of  Gallo  et  al.  (1987),  which 
takes  into  account  specific  organ  structure,  blood  flow  limitation  and  observed 
tissue  concentration  versus  time  data.  The  blood: air  partition  coefficient  that 
was  determined  for  PCE,  18.9,  was  quite  similar  to  an  in  vitro  value  (19.6) 
published  by  Gargas  et  al .  (1989).  The  tissue:blood  partition  coefficients  in 
the  current  in  vivo  study  were  1.4,  1.8,  and  2.8  times  higher  than  the  liver, 
fat,  and  muscle  values,  respectively,  reported  using  the  vial  equilibration 
technique  (Gargas  et  al.,  1986  &  1989).  These  in  vitro  partition  coefficients 
proved  to  be  significantly  useful  in  predicting  PCE  expiration  in  rats  (Travis, 
1987;  Ward  et  al.,  1988)  relative  to  observed  data  (Pegg  et  al.,  1979;  Buben  and 
O'Flaherty,  1985).  However,  it  was  necessary  to  modify  the  fat  tissue  partition 
coefficient  to  adjust  model  fits  to  experimental  data.  In  the  current  study, 
predicted  tissue  concentration  versus  time  data  agreed  quite  well  with  VOC  levels 
measured  in  tissues  during  and  following  PCE  inhalation  exposures  (i.e.,  liver, 
kidney,  brain,  heart,  blood,  lung,  skeletal  muscle  and  fat).  Thus,  the  new  model 
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is  a  more  detailed  and  accurate  description  of  physiological  structure,  and 
reliably  forecasts  blood  and  tissue  time-courses  in  rats. 

It  has  frequently  been  necessary  during  the  development  of  the  PBPK  models 
for  VOCs  to  manipulate  anatomical,  physiological  and  physicochemical  input 
parameters,  in  order  to  obtain  adequate  simulations  of  observed/experimental 
data.  Ramsey  and  Andersen  (1984),  for  example,  had  to  make  the  following  changes 
in  their  PBPK  model  for  styrene  to  obtain  good  agreement  between  observed  and 
predicted  values:  increase  in  the  fat  tissue  volume  and  blood  perfusion  rate; 
decrease  of  the  fat:blood  partition  coefficient;  increase  of  the  blood  flow  rate 
to  the  metabolizing  tissue  group;  and  make  offsetting  alterations  in  the  lean 
muscle  and  richly  perfused  tissue  groups.  Dallas  et  al.  (1989)  developed  a  PBPK 
model  which  accurately  predicted  blood  and  exhaled  breath  levels  of  TRI ,  which 
underpredicted  cumulative  (i.e.  total)  uptake  of  TRI  during  inhalation  exposures. 
In  this  study,  it  was  assumed  that  the  tissue ;blood  partition  coefficient  for  the 
liver  and  for  richly  perfused  tissues  was  to  be  1.49  (as  cited  by  Gargas  et  al. , 
1989)  .  However,  if  blood  and  liver  concentrations  of  TRI  measured  in  rats  at  the 
end  of  a  6-hour  exposure  (Schumann  et  al.,  1982;  Reitz  et  al.,  1988)  were  used 
to  calculate  in  in  vivo  liver: blood  coefficient,  a  value  of  3.45  would  be 
obtained.  Use  of  this  higher  value  for  the  liver  and  richly  perfused  tissues 
would  result  in  an  increase  in  predicted  uptake  (i.e.  absorbed  dose),  as  would 
inclusion  of  additional  tissues  (e.g.  brain,  pancreas,  adrenals,  testes)  with  a 
high  affinity  for  TRI  in  the  richly  perfused  compartment.  Indeed,  using  the 
tissue :blood  partition  coefficients  from  the  ia  tissue  concentration  time  data 
in  this  investigation  cumulative  uptake  of  PCE  in  a  companion  study  (Dallas  et 
al.,  1993)  was  well-predicted  during  inhalation  exposures,  as  were  blood  and 
exhaled  breath  concentrations . 
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The  use  of  tissue  concentration  time  data  can  therefore  be  of  significant 
utility  in  the  development  of  PBPK  models.  Model  parameter  estimation  is  aided 
for  tissue :blood  partition  coefficients,  as  direct  measurements  can  be  used  to 
determine  these  values  for  as  many  model  compartments  as  is  feasible  in  the 
experimental  design.  Determination  of  tho  reliability  of  the  model  predictions 
of  tissue  concentrations  in  each  compartment  using  this  approach  could  be  useful 
in  improving  the  accuracy  of  risk  assessments  related  to  target  organ  disposition 
of  VOCs. 
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Table  1 

Pharmacokinetic  Parameters  in  the  Rat  Following 
Intraarterial  Administration  of  10  mg  PCE/kg  bw^ 


Tissue 

Area  under  curve 
(^g»min/ml) 

Biological  half-life 
(min) 

(ug/g) 

T 

-^max 

(min) 

Liver 

1737 

389 

41.0 

1 

Kidney 

1759 

412 

36.0 

1 

Fat 

60335 

466 

64.4 

30 

Heart 

1059 

439 

19.0 

1 

Lung 

909 

479 

11.3 

1 

Muscle 

1178 

443 

5.7 

10 

Brain 

1730 

443 

21.7 

1 

Blood 

396 

496 

4.6 

1 

^Each  value  represents  the  mean  for  4  rats  and  14  time  points 
ranging  from  1  min  to  72  hr. 
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Table  2 

Parameters  Used  in  the  Physiologically  Based 
Pharmacokinetic  Model  for  PCE  in  the  Rat 


Parameter 

Alveolar  ventilation  (ml/min) 

Inhaled  Gas  Concentration  (mg/ml) 

Body  Weight  (kg) 

108 

3.55  (500  ppm) 

340 

Tissue  volumes  (ml) 

Percentage  of  Body  Weight 

liver 

3.39 

kidney 

0.77 

fat 

5.0 

heart 

0.33 

lung 

0.37 

muscle 

35.36 

brain 

0.6 

blood 

7.40 

rest  of  body 

46.78 

Cardiac  output 

1.57  (ml/min*g)  BW(g)°” 

Percentage  of  Cardiac  Output 

Blood  flows  (ml/min) 

liver 

15.73 

kidney 

13.13 

fat 

6.56 

heart 

4.73 

lung 

100 

muscle 

26.11 

brain 

2.21 

blood 

100%-!. 57  (ml/min*g)  BW(g)°-^^ 

rest  of  body 

31.53 

Partition  Coefficients 

Blood; air 

19.6 

Fatrblood 

152.5 

Lung; blood 

2.47 

Liver ; blood 

5.25 

Muscle ;blood 

2.98 

Brain; blood 

4.37 

Heart ; blood 

2.68 

Kidney ; blood 

4.45 

Rest  of  body;blood 

2.98 

Metabolism  constants 

Vmax  (/ig/min) 

0.15 

Km  (/ig/ml) 

0.019 
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Table  3 

Pharmacokinetic  Parameters  in  the  Rat  Following 
a  2  hr  Inhalation  Exposure  to  500  ppm  PCE^ 


Tissue 

Area  under  curve 
(/ig.min/ml) 

Biological  half-life 
(min) 

^otax 

(ug/g) 

Liver 

31247 

423 

152.4 

Kidney 

25868 

425 

107.5 

Fat 

1493190 

578 

1536.3 

Heart 

23179 

328 

106.6 

Lung 

18596 

406 

94.6 

Muscle 

24458 

335 

87.3 

Brain 

32975 

455 

173.9 

Blood 

8464 

322 

44.9 

^Each  value  represents  the  mean  for  5  rats  and  16  time  points  ranging 
from  15  minutes  after  the  initiation  of  exposure  to  72  hrs  post-exposure. 
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FIGURE  LEGENDS 

1.  Diagram  of  the  physiological  pharmacokinetic  model  used  to  simulate  the  blood 
and  tissue  disposition  of  PCE  during  and  following  Inhalation  exposures  in 
rats.  The  parameters  used  to  describe  the  model  are  included  in  Table  2. 

2.  PCE  concentrations  measured  in  the  liver,  kidney,  brain,  and  lung  of  rats 
following  injection  of  a  single  bolus  of  10  mg/kg  of  PCE  through  an  indwelling 
carotid  arterial  cannula.  Each  point  represents  the  mean  ±  SE  values  for  4 
rats . 

3.  PCE  concentrations  measured  in  the  heart,  muscle,  fat  and  blood  of  rats 
following  injection  of  a  single  bolus  of  10  mg/kg  of  PCE  through  an  indwelling 
carotid  arterial  cannula.  Each  point  represents  the  mean  ±  SE  values  for  4 
rats. 

4.  Observed  (S)  and  model-predicted  (-)  PCE  concentrations  in  the  liver,  kidney, 
brain,  and  lung  of  rats  during  and  following  2  hr  inhalation  exposures  to  500 
ppm  PCE  in  rats.  Each  point  represents  the  mean  value  for  4  rats. 

5.  Observed  (0)  and  model -predicted  (-)  PCE  concentrations  in  the  heart,  muscle, 
fat  and  blood  of  rats  during  and  following  2  hr  inhalation  exposures  to  500  ppm 
PCE  in  rats.  Each  point  represents  the  mean  value  for  4  rats. 
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ABSTRACT 

Characterization  of  Perchloroethylene  Uptake  and  Respiratory  Elimination  for 
Evaluating  Physiologically  Based  Model  Predictions.  DALLAS,  C.E.,  MURALIDHARA, 
S.,  CHEN,  X.M.,  RAMANATHAN,  R. ,  VARKONYI,  P. ,  GALLO,  J.M.,  and  BRUCKNER,  J.V. 
(1993)  Toxicol.  Appl.  Pharmacol.  0,  00-00. 

The  pharaacokinetics  of  perchloroethylene  (PCE)  was  studied  in  male 
Sprague -Dawley  rats  to  characterize  systemic  uptake  and  respiratory  elimination 
by  direct  measurements  of  the  inhaled  compound.  Fifty  or  500  ppm  PCE  was  inhaled 
for  2  hr  through  a  one-way  breathing  valve  by  unanesthetized  male  Sprague -Dawley 
rats  of  325-375  g.  Serial  samples  of  separate  inhaled  and  exhaled  breath 
streams,  as  well  as  arterial  blood,  were  collected  during  and  following  PCE 
inhalation  and  analyzed  by  headspace  gas  chromatography  (GC)  .  PCE  exhaled  breath 
and  alveolar  concentrations  increased  rapidly  to  near  steady- state  within  about 
60  min,  and  were  directly  proportional  to  the  exposure  concentration.  Uptake  of 
PCE  in  the  blood  was  also  rapid,  but  blood  levels  continued  to  increase 
progressively  over  the  course  of  the  2-hr  exposure  at  both  dose  levels. 
Cvimulative  uptake,  or  total  absorbed  dose,  was  proportional  to  the  inhalation 
exposure  level.  Parameters  for  a  blood  flow  limited  physiologically-based  model 
were  determined  from  tissue  concentration- time  data  in  a  companion  publication, 
and  a  model  characterized  with  PCE  eliminated  in  the  exhaled  breath  and  to  a 
limited  extent  by  liver  metabolism.  PCE  concentrations  in  the  blood  and  exhaled 
breath  were  well  predicted  by  the  PBPK  model.  The  usefulness  of  model 
simulations  in  predicting  systemically  absorbed  doses  of  PCE  was  demonstrated, 
which  can  have  utility  in  risk  assessments  involving  the  internal  dose  of 
volatile  organics. 


INTRODUCTION 


Perchloroethylene  (1 , 1 , 2 , 2 -tetrachloroethylene ,  PCE)  is  a  volatile  organic 
compound  (VOC)  which  is  used  in  large  quantities  in  industry  for  metal 
degreasing,  dry  cleaning  fabrics  and  textiles,  and  as  an  intermediate  for  the 
production  of  other  chemicals.  Approximately  500,000  workers  in  the  United 
States  are  estimated  to  be  at  risk  of  occupational  exposure  to  PCE  (NIOSH,  1978). 
Measurements  of  workplace  air  concentrations  of  PCE  in  the  dry  cleaning  industry 
have  determined  mean  time-weighted-averages  (TWA,  8  hr),  from  28.2  to  88.2  ppm 
(Materna,  1985),  4.0-1A9  ppm  (Ludwig  et  al.  ,  1983),  and  as  high  as  178  ppm  (HSDB, 
1987).  Elevated  concentrations  of  PER  in  indoor  air  have  also  been  reported  for 
residences  with  PER -contaminated  water  supplies  (Highland  et  al.  ,  1985;  Andelman, 
1985).  Central  nervous  system  (CNS)  effects  such  as  dizziness,  headache, 
sleepiness,  and  incoordination  have  been  reported  in  humans  from  acute  PCE 
exposures  of  100  to  200  ppm  and  above  (Hake  and  Stewart,  1977;  Stewart  et  al . , 
1970) .  Acute  inhalation  exposures  to  PCE  in  animals  have  also  been  reported  to 
result  in  mild  hepatotoxicity  (Kylin  et  al.,  1963),  biochemical  changes  in  the 
brain  such  as  reduced  RNA  content  (Savolainen  et  al.,  1977),  and  CNS  effects 
(Rowe  et  al. ,  1952;  Goldbert  et  al.,  1964). 

Specific  objectives  of  this  study  were  to:  1)  provide  direct  measurements 
of  the  respiratory  uptake  and  elimination  of  PCE  during  and  following  inhalation 
exposures  by  simultaneously  measuring  PCE  in  the  blood  and  exhaled  breath;  2) 
determine  the  total  dose  of  PCE  absorbed  systemically  during  2 -hour  inhalation 
exposures  using  inhaled  and  exhaled  breath  determinations  and  the  monitored 
volumes  of  respiration;  3)  develop  a  physiologically-based  pharmacokinetic  (PBPK) 
model  for  PCE  inhalation  using  parameters  derived  from  tissue  concentration- time 
data  and  evaluate  the  utility  of  the  model  using  experimentally  observed  values. 
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MATERIALS  AND  METHODS 

Animals.  Adult,  male  Sprague-Dawley  rats  were  obtained  from  Charles  River 
Breeding  Laboratories  (Raleigh,  NC) .  The  animals  were  maintained  on  a  constant 
light-dark  cycle,  with  light  from  0700  to  1900  hr  and  dark  from  1900  to  0700  hr. 
They  were  housed  in  stainless -steel  cages  in  a  ventilated  animal  rack.  Tap  water 
and  Ralston  Purina  Formulab  Chow®  were  provided  ad  libitum.  The  rats  were  used 
after  at  least  a  14-day  acclimation  period,  at  which  time  their  body  weight 
ranged  from  325-375  g.  Solvent  exposures  were  initiated  at  approximately  the 
same  time  each  day  (1000  to  1200  hr). 

Test  Material.  Perchloroethylene  (PER),  of  99%  purity,  was  obtained  from 
Aldrich  Company  Inc.  (Milwaukee,  WI).  The  purity  of  the  solvent  was  verified  by 
gas  chromatography. 

Animal  Preparation.  An  indwelling  carotid  artery  cannula  was  surgically 
implanted  into  each  animal.  The  rats  were  anesthetized  for  the  surgical 
procedure  by  im  injection  of  0.8  ml/kg  of  a  mixture  consisting  of  ketamine  HCl 
(100  ing/ml) :acepromazine  maleate  (10  mg/ml) txylazine  HCl  (20  mg/ml)  in  a 
proportion  of  3:2:1  (v/v/v) .  The  cannulated  animals  were  maintained  in  a  harness 
and  pulley  system  that  allowed  relative  freedom  of  movement  in  metabc  sm  cages 
during  a  24 -hr  recovery  period. 

Inhalation  Exposures.  Each  cannulated  rat  was  placed  into  a  restraining 
tube  for  nose-only  inhalation  exposure  chambers  ( Batte lie- Geneve ,  Switzerland). 
A  face  mask  designed  to  fit  the  rat  was  held  firmly  in  place  on  the  animal's  head 
by  the  use  of  elastic  straps,  which  were  secured  to  the  restraining  tube.  A 
miniaturized  one-way  breathing  valve  (Hans  Rudolph,  Inc.,  St.  Louis,  MO)  was 
attached  to  the  face  mask  so  that  the  valve  entry  port  was  directly  adjacent  to 
the  nares  of  the  test  animal.  This  established  separate  and  distinct  airways  for 
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the  inhaled  and  exhaled  breath  streams  with  no  significant  mixing  of  the  inhaled 
and  exhaled  air.  The  use  of  such  a  device  for  pharmacokinetic  studies  of  inhaled 
halocarbons  in  small  animals  has  been  described  in  detail  (Dallas  et  al. ,  1986). 
A  known  concentration  of  PCE  was  generated  within  a  70-liter  gas  sampling  bag 
(Calibrated  Instruments,  Ardsley,  NY)  by  injecting  the  appropriate  quantity  of 
the  solvent  into  the  bag  filled  with  air.  Uniform  dispersion  of  the  vapor  was 
insured  by  a  magnetic  stirring  bar  within  the  bag.  The  bag  was  then  connected 
in  series  by  Teflon®  tubing  with  a  pneumotachograph,  the  one-way  breathing  valve 
and  an  empty  70-liter  gas  collection  bag.  The  latter  bag  served  as  a  reservoir 
to  collect  exhaled  gas.  Inhalation  and  exhalation  sampling  ports  were  located 
immediately  adjacent  to  the  breathing  valve.  Each  cannulatec  rat  was  placed  into 
a  restraining  tube  of  the  type  used  in  nose-only  inhalation  exposure  chambers 
(Battelle-Geneve ,  Switzerland).  A  face  mask  with  the  breathing  valve  was  held 
firmly  in  place  on  the  animal's  head  by  the  use  of  elastic  straps,  which  were 
secured  to  the  restraining  tube.  PCE  inhalation  exposures  of  2  hr  duration  were 
initiated  only  after  stable  breathing  patterns  were  established.  During  this 
exposure  period  and  for  up  to  4  hr  afterward,  serial  inhaled  and  exhaled  breath 
samples  were  taken  at  approximately  the  same  time  as  blood  samples  from  the 
carotid  artery  cannula.  Both  air  and  blood  samples  were  then  analyzed  for  PCE 
content  by  headspace  gas  chromatography. 

Respiratory  Measurements  and  Calculations ,  In  order  to  calculate  the  total 
received  dose  of  PCE  during  inhalation  exposures,  the  respiration  of  each  animal 
was  continuously  monitored.  The  respiratory  monitoring  technique  was  conducted 
according  to  the  methods  previously  published  in  solvent  exposure  studies  by  this 
laboratory  (Dallas  et  al.,  1983,  1986,  1989).  The  airflow  created  by  the 
animal's  inspiration  was  recording  both  during  and  following  PCE  inhalation 
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exposure  in  terms  of  minute  volume  (volume  of  respiration  per  minute,  Vj) , 
respiratory  rate  (f),  and  tidal  volume  (Vj)  .  An  average  value  for  these 
parameters  for  each  individual  animal  was  obtained  by  averaging  the  measurements 
taken  at  15 -min  intervals  during  the  2 -hr  exposure.  The  mean  ±  SD  of  these 
average  values  for  the  500  ppm  exposure  group  (n-6)  were:  Vj  -  189  ±21.5;  f  - 
119.1  ±  22.4;  Vj  -  1.62  ±  0.34.  The  mean  ±  SD  of  these  average  values  for  the 
50  ppm  exposure  group  (n-6)  were:  Vj  -  216  ±43.1;  f  -  134.5  ±  14.9;  Vj  -  1.67 
±  0.36. 

Calculations  of  PCE  uptake  and  elimination  were  conducted  utilizing  the 
equations  presented  in  a  previous  VOC  inhalation  study  in  rats  (Dallas  et  al . , 
1989).  Since  the  V£  and  the  exhaled  breath  PCE  concentration  at  each  sampling 
point  were  measured,  subtraction  of  the  quantity  of  PCE  exhaled  by  the  animal 
from  the  amount  inhaled  yielded  an  estimation  of  the  quantity  of  PCE  taken  up 
during  sequential  sampling  periods  (cumulative  uptake).  The  percent  uptake 
during  each  exposure  period  was  determined  by  dividing  the  cumulative  uptake  by 
the  total  inhaled  dose  for  the  time  period. 

A  physiologically-based  pharmacokinetic  (PBPK)  model  was  used  to  describe 
the  disposition  of  PCE  in  the  rat  (Fig.  1) .  It  was  assumed  that  a  blood  flow- 
limited  model  was  adequate  to  characterize  the  tissue  distribution  of  PER. 
Previous  PBPK  models  for  VOCs  have  utilized  blood- flow- limited  organ 
representations  (Ramsey  and  Anderson,  1984;  Angelo  and  Pritchard,  1984;  Dallas 
et  al .  ,  1989,  1991).  Compartmental  volumes  and  organ  blood  flows  were  obtained 
from  the  values  determined  in  this  laboratory  for  the  rat  (Delp  et  al . ,  1991). 
Alveolar  ventilation  was  determined  experimentally  as  50%  of  the  minute  volume, 
accounting  for  deadspace  in  the  animal  and  in  the  breathing  valve.  In  vivo 
tissue :blood  partition  coefficients  were  calculated  from  tissue  concentration- 
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time  data  for  PCE  following  ia  adminlstralton  in  a  companion  study  (Dallas  et 
al.,  1993),  using  the  area  method  of  Gallo  et  al.  (1987).  The  metabolic 
parameters  K„  and  and  blood: air  coefficients  were  estimated  from  the 
observed  data  for  liver  and  blood  by  nonlinear  regression  analysis. 

The  alveolar  mass  transfer  coefficient  was  based  on  the  alveolar 
permeability-area  product  for  methylene  chloride  (Angelo  and  Pritchard,  1987). 
The  lung: air  partition  coefficient  was  derived  using  the  AUC  method  by  Gallo  et 
al.  (1985).  Differential  mass  balance  equations,  incorporating  the  parameters 
listed  in  Table  1,  that  described  the  transport  of  PCE  in  the  rat  were 
numerically  integrated  with  the  Advanced  Continuous  Simulation  Language  (ACSL) 
computer  program  (Mitchell  and  Gauthier,  Concord,  MA) .  The  solution  to  the 
equations  provided  predicted  PCE  blood  and  tissue  concentrations  over  time.  The 
model -predicted  cumulative  uptake  values  were  the  sum  of  the  simulated  amounts 
of  PCE  in  each  tissue  compartment  in  the  model. 

Analysis  of  PCE  in  air  and  blood.  The  concentration  of  TCE  in  the  inhaled 
and  exhaled  air  samples  collected  during  and  following  the  inhalation  exposure 
were  measured  with  a  Tracer  MT560  gas  chromatograph  (Tracer  Instruments,  Austin, 
TX) .  Standards  were  prepared  in  each  of  four  9-liter  bottles  equipped  with 
Teflon®  stoppers  with  needles  from  which  air  samples  could  be  taken  by  syringe. 
Analyses  for  the  500  ppm  exposures  were  conducted  using  a  flame  ionization 
detector  (FID) ,  while  the  analyses  for  the  50  ppm  inhalation  exposures  were 
conducted  using  an  electron  capture  detector  (ECD) .  In  either  case,  air  samples 
were  procured  with  a  gas-tight,  1-ml  syringe  and  injected  directly  onto  an  8-ft 
X  1/8 -in  stainless  steel  column  packed  with  0.1%  AT  1000  on  GraphPak.  Operating 
temperatures  were:  150*C,  injection  port;  200*C,  FID  detector;  350*C,  ECD 
detector;  llO'C,  isothermal  colxomn  operation.  When  using  the  ECD,  gas  flow  rates 
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of  40  ml/min  were  employed  for  nitrogen  (carrier  gas) ,  with  an  additional  make-up 
gas  flow  rate  to  the  detector  of  30  ml/min. 

Blood  levels  of  PCE  were  measured  by  gas  chromatographic  headspace 
analysis.  Blood  samples  were  withdrawn  from  the  arterial  cannula  via  a  stopcock 
into  a  1-ml  syringe.  Depending  on  the  anticipated  blood  TCE  concentration,  from 
25  to  200  /il  for  the  blood  was  taken  from  the  stopcock  with  an  Eppendorf  pipette 
and  transferred  to  chilled  headspace  vials  (Perkin-Elmer ,  Norwalk,  CT) .  These 
vials  were  capped  immediately  with  PTFE- lined  butyl  rubber  septa  nd  washers  and 
tightly  crimped.  Each  sample  vial  was  then  placed  into  the  HS-6  auto -sampler 
unit  of  a  SIGMA  300  gas  chromatograph  (Perkin-Elmer,  Norwalk,  CT) ,  where  it  was 
heated  to  a  present  temperature  by  a  high  precision  thermostat  device.  A 
predetermined  volume  of  the  vapor  was  then  injected  automatically  into  the  column 
for  analysis.  The  column  used  was  an  8-ft  X  1/8-in  stainless-steel  column  packed 
with  10%  FFAP  chromasorb  W-AW  (80-100  mesh).  Operating  temperatures  were:  200“C, 
injection  port;  400"C,  ECD  detector;  and  110*C  column  oven.  The  carrier  gas  was 
5%  ar gon- me thane ,  at  a  flow  rate  of  40  ml/min,  with  a  make-up  gas  flow  rate  of 
20  ml/min  to  the  de'ector. 


RESULTS 

Actual  PCE  concentrations  inhaled  by  the  animals  were  determined  by 
analysis  of  air  samples  taken  from  the  airway  immediately  adjacent  to  the 
breathing  valve.  Inhaled  PCE  concentrations  for  the  six  rats  in  each  group  were 
52.8  ±  2.2  ppm  (x  ±  SD)  for  the  500  ppm  exposure  sand  53.1  ±  5.1  ppm  (x  ±  SD)  for 
the  50  ppm  exposures,  and  were  comparable  to  the  desired  inhalation 
concentrations  of  50  and  500  ppm. 


9 


Significant  respiratory  elimination  of  unchanged  PCE  was  evident  during  the 
inhalation  exposure  period,  with  near  steady- state  PCE  levels  achieved  in  the 
exhaled  breath  within  20-30  min.  These  near- steady  state  concentrations  were 
approximately  2. 1-2. 4  in  the  exhaled  breath  of  the  500  ppm  exposed  rats 
(Fig.  2b).  In  the  50  ppm  inhalation  exposure  group,  these  exhaled  breath  levels 
at  near-steady  state  were  in  the  range  of  0.20-0.22  ng/ml  (Fig.  3b). 

PCE  was  rapidly  absorbed  from  the  lungs  with  relatively  high  arterial  blood 
concentrations  of  PCE  achieved  at  the  first  sampling  time  (i.e.,  2  min).  Unlike 
the  exhaled  breath  data,  the  concentration  of  PCE  in  the  blood  progressively 
increased  over  the  course  of  the  2 -hr  exposure  in  both  exposure  groups.  The  rate 
of  increase  in  PCE  concentration  in  the  blood  was  greater  in  the  500  ppm  (Fig. 
2a)  than  in  the  50  ppm  group  (Fig.  3a).  Arterial  blood  PCE  concentrations  were 
not  proportional  to  the  inhaled  concentration.  After  the  initial  rapid  uptake 
phase  over  the  first  30  minutes  of  exposure,  blood  levels  in  the  500  ppm  rats 
were  12  to  17  times  higher  than  50  ppm  rats.  Upon  cessation  of  PCE  inhalation, 
the  chemical  was  rapidly  eliminated.  As  can  be  seen  in  Figs.  2  and  3,  PCE 
concentrations  in  blood  and  in  exhaled  breath  declined  rapidly. 

Measurement  of  the  total  cumulative  uptake  of  PCE  was  made  by  accounting 
for  the  quantity  of  unchanged  PCE  that  was  exhaled  during  the  inhalation  exposure 
period.  The  total  cumulative  uptake  of  PCE  from  the  2 -hr  exposure  to  500  ppm 
(Fig.  4a)  was  28.1  ±  4.3  mg  (x  ±  SD)  ,  or  79.9  mg/kg  bw.  The  2-hr  exposure  to  50 
ppm  PCE  (Fig.  4b)  resulted  in  a  cumulative  uptake  of  3.9  ±  0.9  mg  (x  ±  SD) ,  or 
11.2  mg/kg  bw.  Percent  systemic  uptake  of  PCE  is  shown  in  Figure  5.  Percentage 
uptake  was  relatively  constant  after  the  first  20  minutes  of  inhalation  at  about 
50%  for  50  ppm  exposure  and  approximately  40%  for  500  ppm  exposure. 
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The  PfiPK  model  predictions  of  blood  and  exhaled  breath  concentrations  of 
PCE  are  shown  in  Figures  2  and  3.  Both  observed  and  predicted  exhaled  breath 
concentrations  of  PCE  rapidly  achieved  a  steady  state  following  the  initiation 
of  exposure.  Predicted  concentrations  of  PCE  in  the  exhaled  air  both  during  and 
following  500  ppm  (Fig.  2a)  and  50  ppm  (Fig.  2b)  inhalation  exposure  agreed  well 
with  the  observed  concentrations.  The  steep  increase  in  blood  concentration  of 
PCE  during  500  ppm  inhalation  exposure  (Fig.  2a)  was  accurately  predicted  by  the 
model  simulations.  PCE  blood  concentrations  post-exposure  were  also  well 
simulated.  The  rapid  uptake  of  PCE  in  the  blood  during  the  first  hour  of  50  ppm 
inhalation  (Fig.  2b)  was  slightly  over  predicted,  but  the  observed  values  during 
the  second  half  of  the  exposure  period  and  following  exposure  were  approximately 
one-half  of  the  predicted  values. 

The  PBPK  model  was  also  utilized  to  generate  predictions  of  cumulative  and 
percent  uptake  of  PCE  during  inhalation  exposure,  which  were  compared  to  values 
calculated  from  direct  measurements.  Cumulative  uptake  of  PCE  was  well  predicted 
over  the  course  of  the  500  ppm  inhalation  exposure  (Fig.  Aa) .  During  50  ppm 
exposure  the  magnitude  of  the  degree  of  underprediction  by  the  model  increased 
steadily  over  the  course  of  the  2  hr  exposure,  resulting  in  20%  less  than  the 
observed  value  at  120  minutes  (Fig.  4b).  In  the  second  hour  of  500  ppm  exposure 
model  predictions  of  percent  uptake  were  within  2%  of  the  observed  values  (Fig. 
5a).  For  the  50  ppm  exposure,  the  predicted  percent  uptake  was  consistently 
about  5%  below  the  observed  percent  uptake  (Fig.  5b) . 

Model  predictions  were  also  conducted  of  exhaled  breath  concentrations 
using  different  lung:blood  partition  coefficients,  in  order  to  determine  the 
impact  of  this  parameter  on  exhalation  of  PCE  in  species  with  different 
lung  .'blood  partition  coefficients.  Employing  the  assumption  of  equivalent 
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tissue  .'blood  coefficients,  as  well  as  the  lung:blood  partition  coefficient 
between  species,  a  new  blood: air  partition  coefficient  can  be  obtained  as 
follows : 

r.  -  ri  rt:. 

where  r,  -  lung: air  partition  coefficient 

r^  -  lung:blood  partition  coefficient 
rij.,  -  blood: air  partition  coefficient 

In  the  current  rat  model,  r,  -  46.87,  r^  -  2.48,  and  rt,.,  -  18.9.  Changing 
tb;,  to  10.3,  the  human  value  used  by  Bois  et  al.  (1990)  results  in  r,  -  25.54. 
Predictions  of  PCE  exhalation  over  time  were  made  using  these  two  r,  values 
(i.e.,  46.87  and  25.54),  corresponding  to  the  difference  in  coefficients  between 
rats  and  hvunans.  The  exhaled  PCE  concentration  values  were  compared  at  the  time 
points  of  1  hr  and  3  hr  (Table  3),  and  the  predicted  exhaled  concentration  time 
course  is  shown  for  500  ppm  (Fig.  6a)  and  50  ppm  (Fig.  6b).  It  can  be  observed 
that  even  an  approximate  doubling  in  the  magnitude  of  the  lung: blood  partition 
coefficient  results  in  only  a  small  difference  in  the  exhaled  concentration  at 
either  inhalation  concentration.  The  larger  r^  value  resulted  in  a  slightly 
smaller  exhaled  concentration. 

DISCUSSION 

As  is  characteristic  for  many  volatile  halocarbons,  the  major  route  of 
elimination  for  PCE  in  laboratory  animals  and  man  is  by  exhalation  of  the  parent 
compound.  As  with  trichloroethylene  (TCE)  and  trichloroethane  (TRI),  the 
pharmacokinetic  data  base  for  PCE  is  unique  in  that  there  have  been  several 
studies  published  with  direct  measurements  of  the  elimination  of  the  halocarbon 
in  humans.  This  allows  interspecies  comparisons  of  the  quantity  of  the 
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halocarbon  eliminated  in  the  exhaled  breath  between  laboratory  animals  and  man. 
Fernandez  et  al.  (1976)  measured  PCE  in  the  exhaled  breath  of  human  volunteers 
following  1  to  8  hours  exposure  in  dynamic  exposure  chambers.  Following  exposure 
to  100  ppm  for  2  hours,  the  PCE  concentration  in  the  exhaled  breath  at  1  and  2 
hrs  post-exposure  were  0.06  and  0.047  ftg/ml.  Assuming  a  linear  scale  up  from  the 
50  ppm  data  in  the  current  investigation  to  100  ppm  inhalation  concentration,  the 
expired  air  PCE  concentration  in  the  rats  at  these  two  time  points  would  be  0.07 
and  0.04  /ig/ml,  respectively.  Assuming  a  linear  scaleup  of  the  exposure 
concentration  to  that  used  in  the  current  study,  the  postexposure  PCE  exhaled 
breath  levels  in  several  other  human  studies  (Stewart  et  al.,  1961;  Stewart  et 
al.,  1970)  were  also  similar  in  magnitude  to  the  measurements  of  PCE  in  the 
expired  air  of  rats  in  this  current  study.  The  similar  pattern  of  concentrations 
of  halocarbon  eliminated  in  the  exhaled  breath  of  rats  and  humans  was  also  noted 
for  TRI  (Dallas  et  al.,  1989)  and  TCE  (Dallas  et  al.,  1991).  Since  the  blood: air 
partition  coefficient  for  PCE,  TRI,  and  TCE  is  markedly  higher  in  rats  than  in 
humans  (Gargas  et  al.,  1989),  it  might  be  anticipated  that  this  physicochemical 
difference  would  result  in  a  greater  concentration  of  halocarbon  expired  in 
humans  relative  to  rats  for  an  equivalent  exposure.  The  PCE  tissue: air 
coefficients  for  rats  are  also  significantly  higher  than  those  published  for 
humans  (Bois  et  al.,  1990). 

Evaluation  of  the  relative  importance  of  the  species  differences  in 
blood: air  and  tissue: air  partition  coefficients  therefore  is  needed  in  order  to 
determine  why  human  and  rat  exhaled  breath  concentrations  can  be  so  close  when 
these  coefficients  are  so  dissimilar.  Considering  the  PBPK  model  for  PCE  by  Bois 
et  al.  (1990),  the  difference  between  the  rat  and  human  blood:air  partition 
coefficient  is  one  of  the  primary  differences  in  the  models  (beside  the  size  and 
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the  scaled  parameters).  Calculating  the  tissue :blood  coefficient  from  these 
blood; air  and  tissue: air  coefficients,  however,  reveals  that  the  tissue :blood 
coefficients  for  rats  and  humans  have  been  assumed  as  being  practically 
equivalent  for  rats  and  humans.  Therefore,  while  the  blood: air  partition 
coefficients  between  the  two  species  are  quite  different,  this  is  apparently 
based  on  the  assumption  that  the  tissue :blood  partition  coefficients  are  the 
same . 

In  the  current  paper  the  chemical  input  into  the  model  occurs  at  the  lung- 
air  interface  and  is  characterized  by  a  mass  transfer  coefficient  and  lung; air 
partition  coefficient.  Since  the  value  of  the  mass  transfer  coefficient  would 
not  be  rate -limiting  for  chemical  uptake,  examination  of  changes  in  the  lung: air 
partition  coefficient  on  exhaled  breath  concentration  were  made.  In  order  to 
examine  the  potential  impact  of  interspecies  differences  in  the  lung: air 
partition  coefficient  (r,)  on  model  predictions  of  the  respiratory  elimination 
of  PCE  in  rats  and  humans.  Simulations  were  conducted  with  two  different  r, 
values  corresponding  to  differences  between  rats  and  humans  in  the  parameter. 
This  was  the  only  parameter  changed  in  the  comparison.  The  differences  between 
the  exhaled  concentrations  predicted  using  the  two  different  r,  values  were  very 
small,  at  either  50  or  500  ppm  exposure.  It  could  be  anticipated,  then,  that  the 
magnitude  of  PCE  exhalation  by  humans  and  rats  could  also  be  similar  even  though 
the  blood: air  partition  coefficients  are  so  different. 

There  has  been  an  emphasis  in  the  application  of  PB-PK  models  to  human  risk 
assessment.  The  amount  of  PCE  metabolized  by  animals  that  shewed  tumor  responses 
in  cancer  bioassays  was  predicted  using  a  PDPK  model  (Chen  and  Blancato,  1987). 
Scaling  up  the  predictions  of  metabolite  formation  to  humans  and  employing  the 
dose  response  relationship  in  the  animal  studies  was  then  used  to  calculate  human 
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carcinogenic  risk.  In  a  unique  application  of  an  inhaled  dose  calculation,  Che 
respiratory  exposure  of  humans  to  PCE  in  indoor  air  (resulting  from  PCE 
volatilized  indoors  from  contaminated  ground  water)  was  determined  and  employed 
as  the  dose  input  for  a  PBPK  model  for  PCE  in  humans  (Bogen  and  McKone ,  1988). 
Using  a  PBPK  model  for  PCE  as  an  example,  Farrar  et  al.  (1989)  characterized  the 
degree  of  uncertainty  in  the  model  output  and  human  risk  estimates  due  to 
uncertainty  in  model  parameters.  The  rate  of  PCE  metabolite  formation  in  mice, 
rats,  and  humans  was  predicted  using  a  PBPK  model  and  compared  to  observed  data 
available  in  the  literature  (Bois  et  al.,  1990).  Hattis  et  al.  (1990)  have 
compared  the  predictions  of  metabolite  formation  from  PCE  from  the  different 
published  models.  These  studies  did  not  make  comparisons  of  the  PBPK  model 
predictions  of  parent  compound  uptake  or  disposition  with  experimentally  derived 
data,  as  the  emphasis  was  on  metabolite  formation  and  risk  assessment. 

Total  cumulative  uptake  of  the  PCE  over  time  was  well  simulated  over  the 
course  of  500  ppm  inhalation,  and  underpredicted  during  50  ppm  exposure. 
Predictions  of  unchanged  PCE  in  the  expired  air  of  rats  following  exposure  to 
inhaled  PCE  were  well  simulated  by  a  PBPK  model  by  Ward  et  al.  (1988)  in 
comparison  to  previously  published  data  (Pegg  et  al .  ,  1979).  The  authors 
increased  the  fat-air  partition  coefficient  from  the  measured  value  of  1638  to 
2300  in  order  to  account  for  the  concentrations  of  PCE  in  the  post-exposure 
expired  air.  In  the  present  investigation,  the  partition  coefficient  for 
fat:blood  derived  from  the  tissue  area-under-the-concentration- time  curve  (AUC) 
values  was  109,  which  corresponds  to  a  fatrair  coefficient  of  2881.  While 
published  values  of  PCE  exhaled  air  and  blood  concentrations  were  available 
during  inhalation  exposure  in  humans  (Fernandez  et  al.,  1976)  for  use  in 
comparison  to  model  predictions  by  Ward  et  al.  (1988),  no  published  values  were 
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available  for  these  parameters  during  PCE  inhalation  in  rats.  In  the  current 
investigation,  exhaled  air  concentrations  during  exposure  to  PCE  in  rats  were 
well  predicted  by  the  PBPK  model  employed.  PCE  determination  in  the  blood  of 
rats  during  inhalation  exposure  also  were  not  previously  available  for 
verification  of  PBPK  model  predictions.  Values  for  the  uptake  and  elimination 
of  PCE  in  rat  arterial  blood  at  the  higher  dose  in  the  current  study  were  similar 
in  magnitude  and  pattern  to  the  prediction  by  the  PBPK  model.  The  utility  of  the 
model  for  extrapolation  to  lower  doses  was  not  demonstrated  for  arterial  blood, 
however,  due  to  the  overprediction  in  the  50  ppm  exposure  group. 

The  ability  of  the  current  PBPK  model  to  predict  disposition  of  PCE 
increases  the  confidence  in  the  utility  of  the  model  in  health  risk  assessments. 
The  use  of  ia  tissue  concentration- time  data  for  establishing  PBPK  model 
parameters  was  found  to  be  helpful  in  developing  a  model  to  provide  accurate 
predictions  both  during  and  following  inhalation  exposure.  Studies  of  the 
disposition  of  PCE  tissue  concentration- time  data  during  and  following  inhalation 
exposures  would  further  expand  the  degree  of  certainty  in  model  predictions  for 
risk  assessment  purposes. 
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Table  1 

Parameters  Used  in  the  Physiologically  Based 
Pharmacokinetic  Model  for  PCE  in  the  Rat 


Parameter 

Alveolar  ventilation  ml/min 

Inhaled  Gas  Concentration  (mg/ml) 

Body  Weight  (kg) 

108  (50  ppm);  94.5  (500  ppm) 
0.35/(50  ppm);  3.55  (500  ppm) 

340 

Tissue  volumes  (ml) 

Percentage  of  Body  Weight 

liver 

3.39 

kidney 

0.77 

fat 

5.0 

heart 

0.33 

lung 

0.37 

muscle 

35.36 

brain 

0.6 

blood 

7.40 

rest  of  body 

46.78 

Cardiac  output 

1.57  (ml/min*g)  BW(g)°” 

Percentage  of  Cardiac  Output 

Blood  flows  (ml/min) 

liver 

15.73 

kidney 

13.13 

fat 

6.56 

heart 

4.73 

lung 

100 

muscle 

26.11 

brain 

2.21 

blood 

100%-1.57  (ml/min* g)  BW(g)°’” 

rest  of  body 

31.53 

Partition  Coefficients 

Blood; air 

19.6 

Fat: blood 

152.5 

Lung; blood 

2.47 

Liver : blood 

5.25 

Muscle ;blood 

2.98 

Brain:blood 

4.37 

Heart  .’blood 

2.68 

Kidney : blood 

4.45 

Rest  of  body:blood 

2.98 

Metabolism  constants 

Vmax  (/ig/min) 

0.15 

Km  (//g/ml) 

0.019 
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TABLE  3 

Predicted  PCE  Exhaled  Concentrations  [/ig/ml] 
at  Two  Different  r.  Values 


^inh  “ 

50  ppm 

^-inh  “ 

500  ppm 

r. 

t  -  1  hr 

t  -  2  hr 

t  -  1  hr 

t  -  2  hr 

46.87 

(rat) 

0.25 

0.26 

2.36 

2.48 

25.54 

(hioman) 

0.26 

0.28 

2.40 

2.70 
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FIGURE  LEGENDS 

1.  Diagram  of  the  physiological  pharmacokinetic  model  used  to  simulate  the  uptake 
and  elimination  of  inhaled  PCE.  The  symbols  and  parameters  used  to  describe 
the  model  are  included  in  Table  1. 

2.  Observed  (•)  and  model -predicted  (-)  PCE  concentrations  in  the  arterial  blood 
and  exhaled  breath  of  rats  during  and  following  a  2 -hr,  500  ppm  inhalation 
exposure.  Each  point  represents  the  mean  value  for  6  rats. 

3.  Observed  (•)  and  model-predicted  (-)  PCE  concentrations  in  the  arterial  blood 
following  a  2 -hr,  50  ppm  inhalation  exposure.  Each  point  represents  the  mean 
value  for  6  rats. 

4.  Cumulative  uptake  of  PCE  during  inhalation  exposures  to  500  (a)  or  50  (b)  ppm 
PCE  for  2  hr.  The  quantity  of  inhaled  PCE  retained  during  successive  10-min 
intervals  was  calculated  on  the  basis  of  the  measured  minute  volume  and 
difference  between  inhaled  and  exhaled  PCE  concentrations .  Each  point 
represents  the  mean  ±  SE  for  6  rats.  Model  predictions  of  cumulative  uptake 
are  delineated  by  the  solid  line. 

5.  Percent  systemic  uptake  of  PCE  over  time  during  inhalation  exposures  to  500  (a) 
or  50  (b)  ppm  PCE  for  2  hr.  Each  point  represents  the  mean  ±  SE  for  6  rats. 
Percent  uptake  of  the  inhaled  dose  was  determined  after  1,  3,  5,  10,  15  and  20 
min  and  at  10-min  intervals  thereafter.  Model  predictions  of  percent  uptake 
are  delineated  by  the  solid  line. 

6.  Prediction  of  PCE  exhaled  breath  concentrations  using  different  lung: air 
partition  coefficients.  The  influence  of  species  differences  in  blood: air 
partition  coefficients  on  PCE  elimination  in  the  exhaled  breath  was  determined 
by  comparison  of  predictions  using  different  lung: air  partition  coefficients. 
The  two  lung: air  partition  coefficients  that  were  employed  were  calculated 
using  blood: air  partition  coefficients  reported  for  the  rat  and  the  human. 
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according  to  the  procedure  detailed  in  the  Results  section.  Differences  in  the 
exhaled  breath  PCE  predictions  using  the  two  values  are  compared  during  and 
following  50  (a)  and  500  (b)  ppm  exposures  to  PCE.  All  other  model  parameters 
are  the  same  as  in  Table  1. 
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ABSTRACT 

Species  Differences  Between  Rats  and  Dogs  in  Physiologically-Based  Hodel 
Parameter  Estimation  Using  Perchloroethylene  Tissue  Pharmacokinetics.  DALLAS, 
C.E..  CHEN,  X.M.,  MURALIDHARA,  S.,  VARKONYI ,  P.  ,  GALLO,  J.M.,  TACKETT,  R.L. ,  AND 
BRUCKNER  J.V.  (1993)  Fund.  Appl.  Toxicol.  0,  00-00. 

The  tissue  disposition  of  perchloroethylene  (PCE)  was  determined 
experimentally  in  two  mammalian  species  of  markedly  different  size,  in  order  to 
obtain  model  input  parameters  from  in  vivo  data  for  the  development  of  a 
physiologically  based  pharmacokinetic  (PBPK)  model  to  forecast  the  disposition 
of  PCE  in  each  species.  Male  Sprague -Dawley  rats  and  male  beagle  dogs  received 
a  single  bolus  of  10  mg  PCE/kg  bw  in  polyethylene  glycol  400  by  gavage.  Serial 
samples  of  brain,  liver,  kidney,  lung,  heart,  skeletal  muscle,  perirenal  adipose 
tissue,  and  blood  were  taken  for  up  to  48  hr  following  PCE  administration.  Blood 
and  tissue  PCE  concentrations  were  analyzed  using  a  gas  chromatography  headspace 
technique.  The  dogs  exhibited  considerably  longer  tissue  and  blood  half-lives 
than  did  the  rats.  The  larger  of  the  two  species  had  larger  area  under  the 
tissue  concentration  (AUTC)  versus  time  curves  for  all  tissues  except  the  liver. 
Whole  body  clearance  of  PCE  in  the  rat  was  greater  than  in  the  dog.  Model 
simulations  indicated  this  was  the  result  of  more  rapid  and  extensive  PCE 
exhalation  and  metabolism  by  the  rat.  While  the  blood: air  partition  coefficient 
was  similar  to  that  value  determined  using  in  vitro  data  in  the  literature, 
tissuerblood  partition  coefficients  were  1.4  to  2.8  times  greater  for  the  in  vivo 
data  in  this  study  compared  to  the  available  published  in  vitro  values.  The  PCE 
blood: air  partition  coefficient  for  the  dog  was  twice  that  of  the  rat,  and  the 
tissue :blood  partition  coefficients  were  1.5  to  3.0  times  greater  in  the  rat 
relative  to  the  dog.  These  results  demonstrate  the  importance  of  species 
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differences  in  partition  coefficients  for  PBPK  models  for  VOCs,  and  help  to  test 
important  assiomptions  in  interspecies  scaling  using  the  models. 
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Introduction 

Physiologically-based  pharmacokinetic  (PBPK)  models  are  being  increasingly 
used  in  health  risk  assessments  of  chemicals,  particularly  in  interspecies 
extrapolations  of  pharmacokinetic  and  toxicologic  data.  Similarities  in  the 
anatomy  and  physiology  of  mammalian  species  make  scaling  from  one  species  to 
another  possible,  when  physiological  data  are  not  available  for  a  species  of 
interest  (Dedrick,  1973;  Boxenbaum,  1984;  Travis,  1987).  By  use  of  physiological 
and  metabolic  parameters  which  are  appropriate  for  each  species,  accurate 
predictions  of  chemical  concentrations  in  blood  and  tissues  of  different  species 
are  feasible  with  PBPK  models. 

Perchloroethylene  (PCE)  has  been  one  of  the  most  frequently  used  test 
chemicals  in  the  ongoing  development  of  PBPK  models  for  use  in  different  species. 
Utilizing  a  PBPK  model  for  PCE  with  four  tissue  compartments,  Ward  et  al.  (1988) 
were  able  to  adequately  predict  empirical  data  of  other  researchers  for  mice 
(Schvimann  et  al.,  1980;  Buben  and  O'Flaherty,  1985),  rats  (Pegg  et  al.,  1979), 
and  humans  (Stewart  et  al.,  1961;  Ikeda  et  al.,  1972;  Fernandez  et  al . ,  1976; 
Monster  et  al.,  1979).  The  observed  data  consisted  of  PCE  concentrations 
measured  in  exhaled  breath  over  time  and  various  metabolic  parameters.  These 
data  were  well  simulated  by  the  model  of  Ward  et  al .  (1988)  for  each  species. 
A  similar  approach  was  used  by  Travis  (1987)  for  simulations  of  PCE  kinetics  in 
rats  and  humans,  and  by  Chen  and  Blancato  (1987)  for  mice,  rats,  and  humans. 
There  have  been  descriptions  of  the  utility  of  PBPK  models  in  predicting 
metabolite  formation  following  PCE  exposure  of  mice,  rats,  and  humans  (Bogen  and 
McKone,  1988;  Bois  et  al .  ,  1990;  Hattis  et  al.,  1990).  The  focus  of  these 
metabolism  studies  was  not  to  verify  the  accuracy  of  model  predictions 
concentrations  of  PCE  or  its  metabolites  in  target  tissues,  but  to  evaluate  the 
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potential  of  using  the  models  to  simulate  PCE  metabolism  for  use  in  cancer  risk 
assessments.  PCE  tissues  concentrations  were  not  employed  in  the  development  or 
validation  of  any  these  PBPK  models. 

In  the  development  of  these  PBPK  models,  one  of  the  most  important  model 
parameters  is  the  tissue; blood  partition  coefficient.  This  value  governs  the 
rate  of  the  transfer  of  the  chemical  between  the  blood  and  each  of  the  tissue 
compartments  represented  by  the  model.  In  their  PBPK  model  development  for  PCE, 
Ward  et  al.  (1988),  Bois  et  al .  (1990),  and  Travis  et  al.  (1987)  have  utilized 
partition  coefficients  derived  from  in  vitro  vial  equilibration  studies  (Gargas 
et  al.,  1986  &  1989).  An  in  vivo  approach  to  deriving  tissue:blood  partition 
coefficients  for  PBPK  models  has  been  described  (Gallo  et  al . ,  1987),  in  which 
the  tissue-concentration  time  course  of  the  test  chemical  is  employed.  While 
this  approach  provides  an  in  vivo  description  of  the  rate  of  transfer  of  the 
chemical  for  each  tissue  for  which  the  data  is  available,  there  has  been  little 
opportunity  for  its  use  because  of  the  paucity  of  detailed  tissue  concentration 
time  data  for  most  VOCs ,  including  PCE.  Therefore,  the  time  course  of  uptake, 
disposition,  and  elimination  of  PCE  in  blood  and  seven  tissues  was  determined  in 
two  species,  and  the  data  utilized  in  deriving  partition  coefficients  for  a  PBPK 
model  for  PCE.  The  rat  and  the  dog  were  utilized  in  order  to  incorporate  species 
of  importance  to  toxicological  and  pharmacological  testing,  and  to  enable  the 
evaluation  of  the  utility  of  PBPK  models  to  predict  pharmacokinetics  in  species 
of  wide  variation  in  size  using  partition  coefficients  from  detailed  tissue 


concentration  time  data. 
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Methods 

Male  beagle  dogs  (6-15  kg)  obtained  from  Marshall  Farms  (North  Rose,  NY), 
and  male  Sprague -Dawley  rats  (325-375  g)  obtained  from  Charles  River  Laboratories 
(Raleigh,  NC) ,  were  employed  in  these  studies. 

The  animals  were  maintained  on  a  constant  light-dark  cycle,  with  light  from 
0700  to  1900  hr  and  darkness  from  1900  to  0700  hr.  Rats  were  housed  in 
stainless -steel  cages  in  a  ventilated  animal  rack.  Tap  water  and  Ralston  Purina 
Formulab  Chow®  were  provided  ad  libitum.  The  rats  were  used  after  at  least  a  7- 
day  acclimation  period,  at  which  time  they  were  approximately  12  weeks  old.  Dogs 
were  housed  in  dog  runs  and  also  given  a  14-day  acclimation  period,  and  were  fed 
Purina  Dog  Chow®.  Dogs  were  used  between  6-9  months  of  age  and  in  a  weight  range 
of  6-15  kg.  Solvent  exposures  were  initiated  between  1000  and  1200  hr  each  day. 

1 , 1 , 2 , 2 -Perchloroethylene  (PCE)  (tetrachloroethylene)  of  99%-t-  purity  was 
obtained  from  Aldrich  Chemical  Co.  (Milwaukee,  WI).  The  purity  of  the  chemical 
during  the  conduct  of  the  study  was  verified  by  gas  chromatography.  For 
intraarterial  (ia)  administrations  to  rats,  a  cannula  was  surgically  implanted 
ii.  he  common  carotid  artery.  The  rats  were  anesthetized  for  the  surgical 
procedure  by  im  injection  of  0.8  ml/kg  of  a  mixture  consisting  of  ketamine  HCl 
(100  mg/ml)  ; acepromazine  maleate  (10  mg/i..!)  :xylazine  HCl  (20  mg/ml)  in  a 
proportion  of  3:2:1  (v/v/v) .  The  cannulated  animals  were  allowed  relative 
freedom  of  movement  during  a  24-hr  recovery  period  with  the  cannulas  protected 
from  manipulation  by  surgical  tape  at  the  back  of  the  head.  All  animals  employed 
in  the  tissue  kinetic  studies  were  unanesthetized.  PCE  was  administered  as  a 
single  bolus  po  at  a  dose  of  10  mg/kg,  using  polyethylene  glycol  400  volume/kg 


bw  as  a  vehicle. 
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Groups  of  3  dogs  each  were  serially  sacrificed  (using  etherization)  at  the 
following  times  post  dosing:  1,  5,  10,  15,  30  and  60  min,  and  1,  2,  A,  6,  12,  36. 
48  and  72  hr.  Blood  samples  were  obtained  by  cardiac  puncture.  Approximately 
1  g  samples  of  liver,  kidney,  brain,  lung,  heart,  perirenal  fat,  and  skeletal 
muscle  were  then  quickly  removed  and  placed  into  previously  chilled  20-ml  glass 
vials  containing  2  ml  of  ice-cold  saline  and  8  ml  of  isooctane.  Each  tissue  was 
then  homogenized  for  an  established  time  interval  with  a  Ultra-Turrax  SDT 
horaogenizer  (Tekmar  Co.,  Cincinnati,  OH).  These  times  were  kept  as  brief  as 
possible  in  order  to  minimize  volatilization  of  the  halocarbons.  Brain,  liver, 
and  fat  were  the  most  easily  homogenized,  requiring  only  3-4  sec.  Kidney,  lung 
and  heart  required  5-8  sec.  Skeletal  muscle  was  the  most  difficult  to 
homogenize,  in  that  it  required  20  sec.  The  homogenates  were  then  centrifuged 
at  1800  X  g  for  10  min  at  4°C  in  capped  vials.  An  aliquot  of  the  isooctane  layer 
was  transferred  to  8-ml  headspace  vials.  These  vials  were  capped  immediately 
with  rubber  septa  and  a  spring  washer  and  crimped  to  insure  an  airtight  seal. 
Each  sample  vial  was  then  placed  into  the  autosampler  unit  of  a  gas  chromatograph 
(GC)  .  The  limit  of  detection  for  PCE  was  approximately  1  ng,  or  6.7  parts  of  PCE 
per  billion  parts  of  air  in  the  sample  vial. 

A  model  Sigma  300  GC  equipped  with  a  HS-6  head  space  sampler  (Perkin  Elmer 
Co.,  Norwalk,  CT)  was  used  for  the  analysis  of  the  halocarbon.  The  GC  was 
equipped  with  an  electron  capture  detector.  Analyses  were  carried  out  on 
stainless-steel  columns  (182  cm  x  0.317  cm)  packed  with  10%  FFAP  (Alltech 
Associates,  Deerfield,  IL)  .  The  GC  operating  conditions  were:  headspr.ee  sampler 
temperature,  90°C;  injection  port  temperature,  200°C;  column  temperature,  llO'C; 
detector  temperature,  400”C;  flow  rate  for  argon/methane  carrier  gas,  60  ml/min. 
All  analyses  were  conducted  using  a  20-/il  aliquot  of  isooctane  in  the  8-ml 
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headspace  vials.  Each  sample  vial  was  heated  thermostatically  for  10  min  in  the 
GC  autosampler  unit,  pressurized  for  30  sec  with  the  carrier  gas,  and  injected 
automatically  by  a  solenoid-controlled  mechanism  into  the  GC  column.  These 
conditions  resulted  in  vaporization  of  the  halocarbons  in  the  sample  vials,  since 
PCE  was  heated  to  a  temperature  slightly  below  its  boiling  point,  and  the  vial 
subsequently  pressurized  and  vented  into  the  GC . 

The  area  under  the  concentration- time  curve  (AUG)  for  blood  and  tissues  was 
determined  from  the  time  of  administration  to  infinity.  Total  body  clearance  was 
determined  as  the  dose  divided  by  the  blood  AUG  in  each  species.  Bioavailability 
was  calculated  by  AUG  po/AUC  ia.  The  maximum  concentration  reached  in  blood  and 
tissues  (Cmax)  and  the  time  after  dosing  that  it  occurred  (Tmax)  were  determined 
by  observation  of  the  available  data  points. 

Metabolism  and  exhalation  of  PCE  in  the  rat  and  the  dog  were  predicted 
using  a  physiologically-based  pharmacokinetic  (PBPK)  model  for  ia  administration 
in  the  rat  and  po  administration  in  the  dog  (Fig.  1).  It  was  similar  to  PBPK 
models  previously  developed  by  Angelo  and  Pritchard  (1984)  and  Ramsey  and 
Andersen  (1984)  for  other  VOCs ,  in  that  it  provided  for  inhalation  and  exhalation 
through  a  lung  compartment,  metabolism  in  a  liver  compartment,  and  blood- flow- 
limited  organ  representations.  The  current  model  differed  primarily  in  that  it 
included  a  greater  number  of  tissue  compartments.  Values  determined  in  this 
laboratory  were  employed  for  tissue  volumes  and  blood  flows  (Delp  et  al.,  1991) 
and  alveolar  ventilation  (Dallas  et  al.,  1991)  for  the  male  Sprague -Dawley  rat. 
In  vivo  tissue  :blood  partition  coefficients  were  calculated  from  ia  data  for  the 
rat  (Dallas  et  al. ,  1993)  and  oral  data  for  the  dog  obtained  in  the  present  study 
by  the  area  method  of  Gallo  et  al.  ,  (1987).  The  metabolic  parameters  and 
and  blood: air  coefficients  were  estimated  from  the  observed  data  by  nonlinear 
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regression  analysis.  Parameters  bioavailability  (f)  and  the  absorption  rate 
constant  (K,)  were  estimated  from  oral  data  by  fitting  of  the  blood  and  liver 
concentration  versus  time  data  for  both  species.  Tissue  volumes  and  blood  flows 
for  the  dog  were  obtained  from  the  literature.  Sources  of  tissue  volumes  were 
as  follows:  liver,  heart,  lung,  muscle,  and  blood  (Andersen  1970),  kidney 
(Spector,  1956),  and  fat  (Sheng  and  Huggins,  1971).  Sources  of  blood  flows  were 
as  follows:  liver  (Liang  et  al . ,  1982),  kidney,  muscle,  and  brain  (Humphrey  and 
Zins ,  1983),  cardiac  output  (Andersen,  1970),  fat  (Nagasaka  et  al .  ,  1976),  and 
heart  (Liard  et  al.,  1982).  Values  for  alveolar  ventilation  in  the  dog  were 
taken  from  the  publication  by  Andersen  (1970). 

Differential  mass  balance  equations,  incorporating  the  parameters  listed 
in  Table  1,  that  described  the  transport  of  PCE  in  the  rat  and  the  dog  were 
numerically  integrated  with  the  Advanced  Continuous  Simulation  Language  (ACSL) 
computer  program  (Mitchell  and  Gauthier,  Concord,  MA) .  The  solution  to  the 
equations  provided  predicted  PCE  concentrations  over  time.  The  model-predicted 
cumulative  uptake  values  were  equal  to  the  sum  of  the  simulated  amounts  of  PCE 
in  each  tissue  compartment  in  the  model. 

Results 

Pharmacokinetic  parameters  for  PCE  in  the  rat  for  po  administration  are 
presented  in  Table  2.  Maximum  tissue  concentrations  (Cmax)  were  achieved  rapidly 
following  po  administration.  After  oral  dosing  the  Cmax  was  reached  in  10  to  15 
min  for  each  non-lipoidal  tissue,  other  than  lung  and  muscle,  which  required  60 
min.  Uptake  into  the  adipose  tissue  was  quite  slow,  in  that  its  Cmax  was  360 
min.  As  would  be  anticipated  for  a  chemical  as  highly  lipophilic  as  PCE,  the 
Cmax,  AUC  and  th  values  for  the  adipose  tissue  were  substantially  greater  than 
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for  all  other  tissues  following  po  administration.  The  for  nonlipid  tissues 
was  relatively  similar  in  rats,  with  liver  and  muscle  having  the  shortest  half- 
lives.  The  Cmax  and  AUC  attained  in  the  liver  was  considerably  higher  than  in 
the  other  nonlipid  tissues. 

The  degree  of  blood  perfusion  had  a  significant  impact  on  tissue 
disposition  of  PCE  in  the  rat.  Highly  perfused  organs  such  as  kidney  and  brain 
had  similar  Cmax,  AUC,  and  t^s  values  for  each  route  of  administration.  Poorly 
perfused  and  nonlipoidal  tissues,  such  as  skeletal  muscle,  had  lower  Cmax  and  AUC 
values  than  these  highly  perfused  tissues. 

Pharmacokinetic  parameter  estimates  following  oral  administration  of  PCE 
to  the  dog  are  presented  in  Table  3.  The  Tmax  for  all  nonlipoidal  dog  tissues 
was  60  min.,  which  was  4-6  times  longer  than  for  most  of  the  tissues  in  the  rat. 
The  Tmax  for  dog  fat  was  also  twice  as  long  as  for  the  rat,  though  the  Cmax  in 
the  two  species  was  nearly  equivalent.  As  in  the  rat,  much  greater  deposition 
of  PCE  was  observed  in  the  fat  than  in  the  other  tissues.  Except  for  the  brain, 
Cmax  and  AUC  values  for  the  fat  were  at  least  8  and  33  times  higher, 
respectively,  than  in  nonfat  tissues.  PCE  accumulation  in  the  dog  brain  was 
considerably  higher  than  in  the  other  nonfat  tissues.  The  rat  also  exhibited 
relatively  high  brain  Cmax  and  AUC  values,  though  they  were  even  higher  in  the 
liver  following  oral  administration  (Table  3).  The  elimination  t4  for  PCE  from 
the  dog  brain  was  considerably  longer  than  from  other  tissues,  whereas  the  th  in 
rat  brain  was  not  different  from  most  other  tissues.  There  was  a  difference  in 
PCE  deposition  between  highly  perfused  tissues  (e.g. ,  brain)  and  poorly  perfused 
and  nonlipoidal  tissues  (e.g.,  muscle)  in  the  dog  and  the  rat.  AUCs  for  dog 
tissues  were  greater  than  for  corresponding  rat  tissues  following  oral 
administration  of  PCE,  except  for  liver.  The  greater  AUCs  in  dog  tissues  can  be 
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attributed  largely  to  prolonged  elimination.  The  t4  values  in  the  nonfat  dog 
tissues  were  4-12  times  greater  than  in  corresponding  rat  tissues.  Following 
oral  administration,  whole  body  clearance  of  PCE  was  26.9  and  4.3  ml.min/kg  for 
rats  and  dogs,  respectively. 

The  time-course  of  exhalation  and  metabolism  of  PCE  were  predicted  by  the 
model  for  the  rat  (Fig.  8)  and  dog  (Fig.  9)  following  ia  and  po  administration 
respectively,  of  the  chemical.  For  each  species,  the  fraction  of  PCE  exhaled  was 
substantially  greater  than  the  fraction  metabolized.  The  rate  and  magnitude  of 
exhalation  and  metabolism  were  higher  in  the  rat  than  in  the  dog. 


DISCUSSION 

Tissue  concentration- time  data  were  used  in  this  study  in  an  in  vivo 
approach  to  deriving  model  input  parameters  to  assist  in  the  development  of  a 
PBPK  model  for  PCE.  Previously,  such  detailed  tissue  concentration-time  data 
sets  have  not  been  available  for  most  VOCs,  including  PCE.  It  has  been  proposed 
that  the  most  logical  measure  of  target  organ  exposure  (and  therefore  toxic 
injury)  is  the  area  under  the  tissue  concentration  versus  time  curve  (AUTC) 
(Andersen,  1987).  The  AUTCs  measured  in  the  present  study,  following  oral 
administration  of  PCE  to  rats  and  dogs,  have  proven  useful  in  helping  verify  some 
previous  assumptions  concerning  the  interspecies  scaling  of  tissue  disposition. 
Interspecies  scaling  has  been  described  as  the  determination  of  how  target  tissue 
exposure  is  affected  by  the  size  of  a  species  for  a  particular  administered  dose 
(Andersen,  1987).  In  interspecies  scaling  of  tissue  doses  using  PBPK  models,  the 
National  Research  Council  has  made  several  important  assumptions  (NRC,  1986). 
Scaling  metabolic  and  physiological  clearance  as  a  power  of  body  weight  and 
tissue  voliames  in  proportion  to  body  weight,  it  was  predicted  that  a  greater  AUTC 
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for  parent  compounds  would  be  obtained  in  larger  animals  than  in  smaller  animals. 
The  observed  PCE  tissue  concentrations  in  two  dissimilar  species  in  the  current 
study  are  in  agreement  with  this.  AUTCs  were  significantly  greater  for  six 
tissues  in  dogs  than  for  the  same  tissues  in  rats  following  an  equivalent  oral 
dose  of  PCE.  Andersen  (1987)  concluded  that  clearance  would  be  expected  to  be 
greater  in  smaller  species,  because  it  increases  as  a  fractional  power  of  body 
weight,  and  that  this  would  account  for  lower  AUTC  values  in  the  smaller  of  two 
animal  species.  Indeed,  clearance  of  PCE  in  the  present  investigation  was 
significantly  greater  in  rats  than  in  dogs  following  an  equal  dose  of  PCE.  The 
major  route  of  PCE  elimination  is  exhalation  (Schumann  et  al.,  1980),  which  is 
governed  largely  by  the  blood;air  partition  coefficient.  This  parameter  is 
smaller  in  rats  (19.6)  than  in  dogs  (40.5),  so  there  will  be  a  higher  rate  of 
exhalation  of  PCE  by  the  rat  at  equal  blood  levels.  However,  blood  levels  are 
influenced  to  some  degree  by  most  model  input  parameters,  so  the  difference  in 
blood: air  partition  coefficient  alone  is  not  sufficient  to  determine  which 
species  will  have  the  higher  exhalation  rate.  It  should  be  noted  that  both 
exhalation  and  metabolism  were  predicted  to  be  higher  in  the  rat  than  in  the  dog 
by  the  PBPK  model  in  the  current  ; rjves tigation. 

The  primary  approach  that  has  been  employed  for  deriving  partition 
coefficients  for  VOCs  to  use  in  PBPK  models  has  been  the  vial  equilibration 
technique  by  Gargas  et  al .  (1989).  This  method  was  modified  from  an  earlier 
approach  using  a  headspace  vial  equilibration  technique  for  blood,  oil,  and  water 
(Sato  &  Nakajima,  1979)  and  another  approach  using  tissue  homogenates  (Fiserova- 
Bergerova  et  al.,  1984).  A  similar  blood:air  partition  coefficient  for  PCE  was 
reported  using  this  in  vitro  approach  (18.9)  as  was  observed  using  the  in  vivo 
data  in  the  current  study  (19.6).  The  tissue:blood  partition  coefficients  were 
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consistently  higher  using  the  in  vivo  approach  relative  to  the  in  vitro 
technique.  The  coefficients  for  which  comparisons  are  possible,  liver,  fat,  and 
muscle,  were  1.4,  1.8,  and  2.8  times  higher,  respectively,  in  the  current  study 
compared  to  the  values  using  the  vial  equilibration  technique  (Gargas  et  al .  , 
1989).  Differences  between  species  for  the  PCE  blood; air  partition  coefficient 
using  the  in  vitro  approach  were  minimal  between  mice  and  rats,  but  the  value  for 
both  these  species  were  more  than  75%  greater  than  that  for  humans  (Gargas  et 
al .  ,  1989).  In  the  current  study,  the  bloodrair  coefficient  of  the  dog  was  more 
than  twice  that  of  the  rat.  All  of  the  PCE  tissue :blood  partition  coefficients 
were  between  1.5  and  3.0  times  greater  in  the  rat  than  in  the  dog.  These  results 
demonstrate  the  importance  of  species  differences  in  partition  coefficients  in 
developing  PBPK  models  for  VOCs  in  interspecies  extrapolations. 

In  an  evaluation  of  the  uncertainties  involved  in  PBPK  models  using  PCE  as 
an  example,  Hattis  et  al .  (1990)  determined  that  there  were  appreciable 

differences  between  the  model  predictions.  Of  the  many  potential  sources  of 
uncertainty,  it  was  concluded  that  the  primary  cause  of  differences  in  model 
predictions  of  risk  were  the  approaches  employed  in  estimating  the  metabolic 
parameters.  There  were  20-  and  60-fold  differences  in  estimates  of  K„  for  the 
various  mouse  and  rat  models,  respectively.  estimates  differed  by  8-  and 

15 -fold  for  the  mouse  and  rat  models,  respectively.  The  values  for  Kn,  and 
in  the  present  study  were  estimated  by  nonlinear  regression,  fitting  the  model 
predictions  to  the  observed  blood  and  liver  concentration  values  of  PCE. 
Expressing  in  the  same  units  as  in  Hattis  et  al .  (1990),  our  value  (2.9 
nM/ml  Kg)  for  rats  is  10  times  smaller  than  the  range  of  values  reported  there. 
Of  course,  the  researchers  who  made  these  larger  estimates  of  did  not  have 
liver  concentration- time  data  available  for  determination  of  this  parameter.  Due 
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to  the  dependence  of  PBPK  models  on  a  number  of  variables,  there  are  of  course 
other  potential  sources  of  error  such  as  model  structure  and  input  parameters. 

Farrar  et  al.  (1989)  concluded  that  the  structural  uncertainty  (e.g., 
number  and  selection  of  compartments,  accounting  for  elimination)  involved  in  the 
use  of  various  dose  metrics,  such  as  AUTC  and  AUC  (for  arterial  blood)  in 
interspecies  extrapolations,  was  of  greater  importance  than  the  uncertainty 
associated  with  the  values  of  PBPK  model  input  parameters  such  as  partition 
coefficients.  Using  the  in  vitro  partition  coefficients  of  Gargas  et  al.  (1989), 
the  precision  of  PBPK  model  predictions  of  the  rate  of  metabolite  formation 
following  PCE  exposure  has  been  reported  to  be  within  22%,  on  average,  from  the 
observations  available  for  rats,  mice,  and  humans  (Bois  et  al .  ,  1990).  Despite 
the  stated  uncertainties  in  the  model  parameters,  Bogen  and  McKone  (1988) 
concluded  that  their  steady- state  PBPK  model  for  PCE  was  capable  of  yielding 
appropriate  estimates  of  total  metabolized  PCE  using  time -weighted  air 
concentrations  in  inhalation  exposures. 

While  the  detailed  tissue  concentration  time  data  from  the  current  study 
provides  useful  information  as  an  in  vivo  method  for  PBPK  model  parameter 
estimation,  the  approach  is  time-consuming  and  expensive.  The  in  vitro  vial 
equilibration  technique  does  not  require  extensive  laboratory  equipment  or 
measurement  of  the  chemical  in  the  test  medium  (Gargas  et  al . ,  1989),  and  would 
certainly  be  the  method  of  choice  for  most  partition  coefficient  estimation  needs 
for  PBPK  model  parameter  estimation  for  VOCs.  Where  available,  in  vivo  tissue 
concentration  time  data  can  help  to  evaluate  in  vitro  data,  contribute  to  the 
design  of  tissue  compartments  of  PBPK  models,  and  test  important  assumptions  in 
interspecies  scaling  of  the  models. 
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Table  1 

Parameters  Used  in  the  Physiologically  Based 
Pharmacokinetic  Model  for  PCE  in  the  Rat  and  the  Dog 


Parameter 

Body  Weight  (kg) 

Rat 

Dog 

Tissue  volumes  (ml) 

Percentage  of  Body  Weight 

liver 

3.39 

4.22 

kidney 

0.77 

0.6 

fat 

5.0 

15.2 

heart 

0.33 

1.13 

lung 

0.37 

0.66 

muscle 

35.36 

46.8 

brain 

0.6 

0.75 

blood 

7.40 

8.19 

rest  of  body 

46.78 

22.45 

Alveolar  ventilation  (ml/min) 

1.54  (ml/min* g) 

BW(g)0'’5  2.576  (ml/min*K)  BW(g)°'^5 

Cardiac  output 

1.57  (ml/min* g) 

BW(g)°-^5  1  05  (ml/min*g)  BW(g)°-^5 

Percentage  of  Cardiac  Output 

Blood  flows  (ml/min) 

liver 

15.73 

5.12 

kidney 

13.13 

10.1 

fat 

6.56 

5.02 

heart 

4.73 

3.37 

lung 

100 

100 

muscle 

26.11 

40.59 

brain 

2.21 

3.12 

blood  100%-=!. 57  (ml/min*g)  BW(g)°-^5  ioo%-2.05  (ml/min*g)  BW(g)°-^5 

rest  of  body 

31.53 

32.68 

Partition  Coefficients 

Blood : air 

19.6 

40.5 

Fat;blood 

152.5 

63.2 

Lung: blood 

2.47 

0.97 

Liver :blood 

5.25 

1.64 

Muscle : blood 

2.98 

1.9 

Brain:blood 

h.Zl 

2.66 

Heartrblood 

2.68 

1.74 

Kidney : blood 

4.45 

1.49 

Rest  of  body:blood 

2.98 

1.9 

Metabolism  constants 

Vmax  (/ig/min) 

0.15 

0.85 

Km  (/ig/ml) 

0.019 

0.023 

f 

0.53 

0.68 

ka 

0.025 

0.34 
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Table  2 

Pharmacokinetic  Parameters  in  the  Rat  Following 
Oral  Administration  of  10  mg  PCE/kg  bw^ 


Tissue 

Area  under  curve 
(/ig*min/ml) 

Biological  half-life 
(rain) 

Cmax 

(ug/g) 

Tmax 

(min) 

Bioavailability 

(F) 

Liver 

1717 

278 

12.30 

10 

0.99 

Kidney 

1112 

328 

5.45 

10 

0.63 

Fat 

47815 

573 

41.42 

360 

0.79 

Heart 

820 

327 

2.85 

15 

0.77 

Lung 

637 

302 

2.0 

60 

0.70 

Muscle 

970 

271 

2.12 

60 

0.82 

Brain 

1407 

307 

5.05 

15 

0.81 

Blood 

333 

349 

0.99 

15 

0.84 

^Each  value  represents  the  mean  for  4  rats  and  14  time  points  ranging  from  1  min 
to  72  hr. 
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Table  3 

Pharmacokinetic  Parameters  in  the  Dog  Following 
Oral  Administration  of  10  mg  PCE/kg  bw^ 


Tissue 

Area  under  curve 
(/ig*min/ml) 

Biological  half-life 
(min) 

Cmax 

(ug/g) 

Tmax 

(min) 

Liver 

1564 

2124 

5.31 

Kidney 

1431 

1281 

4.18 

Fat 

60809 

949 

42.75 

720 

Heart 

1672 

1813 

5.40 

60 

Lung 

937 

1615 

2.26 

60 

Muscle 

1824 

1547 

3.00 

60 

Brain 

2563 

3682 

9.65 

60 

Blood 

962 

1121 

1.27 

60 

^Each  value  represents  the  mean  for  3  dogs  and  6  time  points  ranging 
from  1  to  72  hr. 


18 


References 

Andersen,  A.C.  (1970).  The  Beagle  as  an  Experimental  Dog.  Ames,  Iowa  State 
University  Press. 

Andersen,  M.E.  (1987).  Tissue  dosimetry  in  risk  assessment,  or  what's  the 
problem  here  anyway?  In  Drinking  Water  and  Health,  Vol.  8,  pp.  8-26. 
National  Academy  Press,  Washington,  DC. 

Angelo,  M.J.,  and  Pritchard,  A.B.  (1984).  Simulations  of  methylene  chloride 
pharmacokinetics  using  a  physiologically  based  model.  Regul.  Toxicol. 
Pharmacol.  4,  329-339. 

Bogen,  K.T. ,  and  McKone,  T.E.  (1988).  Linking  indoor  air  and  pharmacokinetic 
models  to  assess  tetrachloroethylene  risk.  Risk  Analysis  8,  509-520. 

Bois,  F.Y. ,  Zeise,  L.  ,  and  Tozer,  T.N.  (1990).  Precision  and  sensitivity  of 
pharmacokinetic  models  for  cancer  risk  assessment:  Tetrachloroethylene  in 
mice,  rats,  and  humans.  Toxicol.  Appl.  Pharmacol.  102,  300-315. 

Boxenbaum,  H.  (1984).  Interspecies  pharmacokinetic  scaling  and  the 
evolutionary-comparative  paradigm.  Drug  Metab.  Rev.  15,  1071-1121. 

Buben,  J.A.,  and  O'Flaherty,  E.J.  (1985).  Delineation  of  the  role  of  metabolism 
in  the  hepatotoxicity  of  trichloroethylene  and  perchloroethylene :  A  dose- 
effect  study.  Toxicol.  Appl.  Pharmacol.  78,  105-122. 

Chen,  C.W.  and  Blancato,  R.H.  Role  of  pharmacokinetic  modeling  in  risk 
assessment:  Perchloroethylene  as  an  example.  In  Pharmacokinetics  in  Risk 
Assessment,  Drinking  Water  and  Health,  Vol.  8,  National  Academy  Press, 
Washington,  DC,  1987. 

Dallas,  C.E.,  Gallo,  J.M.,  Ramanathan,  R. ,  Muralidhara,  S.,  and  Bruckner,  J.V. 
(1991).  Physiological  pharmacokinetic  modeling  of  inhaled 

trichloroethylene  in  rats.  Toxicol.  Appl.  Pharmacol.  110,  303-304. 


19 


Dedrick,  R.L.  (1973).  Animal  scale-up.  J.  Pharmacokin.  Biopharm.  1,  435. 

Delp,  M.D.,  Manning,  R.O.,  Bruckner,  J.V.,  and  Armstrong,  R.B.  (1991). 
Distribution  of  carJiac  output  during  diurnal  changes  of  activity  in  rats. 
Amer.  J.  Physiol.  261.  H1487-H1493. 

Farrar,  D.  ,  Crump,  A.K. ,  and  Shipp,  A.  (1989).  Evaluation  of  uncertainty  in 
input  parameters  to  pharmacokinetic  models  and  the  resulting  uncertainty 
in  output.  Toxicol.  Lett.  49,  371-185. 

Fernandez,  J.,  Guberan,  E.  ,  and  Caperos,  J.  (1985).  Experimental  human 
exposures  to  tetrachloroethylene  vapor  and  elimination  in  breath  after 
inhalation.  Amer.  Ind .  Hyg.  Assoc.  J.  37,  143-150. 

Fiserova-Bergerova,  V.,  Tichy,  M.  ,  and  DiCarlo,  F.J.  (1984).  Effects  of 
biosolubility  on  pulmonary  uptake  and  disposition  of  gases  and  vapors  for 
lipophilic  chemicals.  DrugMecab.  Rev.  15,  1033-1070. 

Gallo,  J.M.,  Lam,  F.C.,  and  Perrier,  G.  (1987).  Area  method  for  the  estimation 
of  partition  coefficients  for  physiological  pharmacokinetic  models.  J. 
Pharmacokin.  Biopharm.  15,  271-280. 

Gargas,  M.L.,  Andersen,  M.E.,  andClewell,  H.J.,  III  (1986^).  A  physiologically 
based  simulatron  approach  for  determining  metabolic  constants  from  gas 
uptake  data.  Toxicol.  Appl.  Pharmacol.  86,  341-352. 

Gargas,  M.L.,  Brugess,  R.J.,  Voisard,  D.E.,  Cason,  G.H.,  and  Andersen,  M.E. 
(1989).  Partition  coefficients  of  low-molecular-weight  volatile  chemicals 
in  various  liquids  and  tissues.  Toxicol.  Appl.  Pharmacol.  98,  87-99. 

Hattis,  D. ,  White,  P. ,  Marmorstein,  L. ,  and  Koch,  P.  (1990).  Uncertainties  in 
pharmacokinetic  modeling  for  perchloroethylene .  I.  Comparison  of  model 
structure,  parameters,  and  predictions  for  low  dose  metabolism  rates  for 
models  derived  from  different  authors.  Risk  Anal.  10,  449-458. 


20 


Humphrey,  S.J.,  and  Zins,  G.R.  (1983).  The  effects  of  indomethacin  on  systemic 
hemodynamics  and  blood  flow  in  the  conscious  dog.  Res.  Commun.  Cheat. 
Pathol.  Pharaia.  39,  229 -ZAO. 

Ikeda,  M. ,  Ohtsuj i ,  H. ,  Imamura,  T. ,  and  Komoike,  Y.  (1972).  Urinary  excretion 
of  total  trichloro-compounds ,  trichloroethanol  and  trichloroacetic  acid  as 
a  measure  of  exposure  to  trichloroethylene  and  tetrachloroethylene ,  Br^t. 
J.  Tnd.  Med.  29,  328-333. 

Liang,  C, ,  Doherty,  J.U.,  Faillace,  R. ,  Maekawa,  K. ,  Arnold,  S.,  Garvas ,  H. ,  and 
Hood,  W.B.,  Jr.  (1982).  Insulin  infusion  in  conscious  dogs.  Effects  on 
systemic  and  coronary  hemodynamics,  regional  blood  flow,  and  plasma 
catecholamines.  J.  Clin.  Invest.  69.  1321-1336. 

Liard,  J.F.,  Deriaz,  0.,  Schelling,  P.,  and  Thibonnier,  M.  (1982).  Cardiac 
output  distribution  during  vasopressin  infusion  or  dehydration  in 
conscious  dogs.  Amer.  J.  Physiol.  243,  H663-H669. 

Monster,  A.C.,  Boersma,  G.,  and  Steenweg,  H.  (1979).  Kinetics  of 
tetrachloroethylene  in  volunteers.  Influence  of  exposure  concentration 
and  work  load.  Int .  Arch.  Occup.  Environ.  Health  42,  303-309. 

Nagasaka,  T.  ,  Shirnada,  N.,  and  Nishikura,  K.  (1976).  Vascular  and  lipolytic 
responses  to  infused  norepinephrine  in  canine  subcutaneous  and  omental 
adipose  tissue.  Jpn.  J.  Physiol.  26,  367-74. 

NRG  (National  Research  Council)  (1986).  Dose-route  extrapolations:  Using 
inhalation  toxicity  data  to  set  drinking  water  limits.  In:  Drinking  Water 
and  Health,  Vol .  6,  pp.  168-204.  National  Academy  Press,  Washington,  DC. 

Pegg,  D.G. ,  Zempel,  J.A.,  Braun,  W.H. ,  and  Watanabe ,  P.G.  (1979).  Disposition 
of  tetrachloro(^''C) ethylene  following  oral  and  inhalation  exposure  in  rats. 
Toxicol.  Appl .  Pharmacol.  51,  456-479. 


21 


Ramsey,  J.C.,  and  Andersen,  ME.  (198A) .  A  physiologically  based  description  of 
the  inhalation  pharmacokinetics  of  styrene  in  rats  and  humans.  Toxicol. 
Appl .  Pharmacol.  73,  159-175. 

Sato,  A.  and  Nakajima,  T.  (1979^^).  Partition  coefficients  of  some  aromatic 
hydrocarbons  and  ketones  in  water,  blood,  and  oil.  Brit.  J.  Ind.  Med.  36, 
231-23A. 

Schumann,  A.M. ,  Quast,  J.F.,  andUatanabe,  P.G.  (1980).  The  pharmacokinetics  of 
perchloroethylene  in  mice  and  rats  as  related  to  oncogenicity.  Toxicol. 
Appl.  Pharmacol.  55,  207-219. 

Sheng,  H.P.,  and  Huggins,  R.A.  (1971).  Direct  &  indirect  measurement  of  total 
body  water  in  the  growing  beagle.  Proc.  of  Soc .  Expel.  Med.  137,  1093. 
Spector,  W.S.  (1956).  Handbook  of  Biological  Data.  Saunders,  Philadelphia. 
1956. 

Stewart,  R.D. ,  Arbor,  A.,  Gay,  H.H.,  Erley,  D.S.,  Hake,  C.L.,  and  Schaffer,  A.W. 
(1961).  Human  exposure  to  tetrachloroethylene  vapor.  Arch,  of  Environ. 
Health  2,  516-522. 

Travis,  C.C.  (1987)  Interspecies  extrapolations  in  risk  anal^_is.  Toxicology 
47,  3-13. 

Ward,  R.C.,  Travis,  C.C.,  Hetrick,  D.M. ,  Andersen,  M.E.,  and  Gargas ,  M.L. 
(1988).  Pharmacokinetics  of  tetrachloroethylene.  Toxicol.  Appl. 
Pharmacol.  93,  108-117. 


22 


FIGURE  LEGENDS 

1.  Diagram  of  the  physiological  pharmacokinetic  model  used  to  simulate  the 
metabolism  and  exhalation  of  PCE  following  a)  intraarterial  administration 
to  rats  and  following  (b)  oral  administration  to  dogs.  The  parameters 
used  to  describe  the  model  for  ia  administration  in  rats  are  taken  from 
Dallas  et  al.  (1993),  and  parameters  for  oral  administration  in  dogs  are 
included  in  Table  3. 

2.  PCE  concentrations  measured  in  the  liver,  kidney,  brain,  and  lung  of  rats 
following  administration  of  a  single  bolus  of  10  mg/kg  of  PCE  by  gavage . 
Each  point  represents  the  mean  +  S.D.  value  for  4  rats. 

3.  PCE  concentrations  measured  in  the  heart,  muscle,  fat  and  blood  of  rats 
following  administration  of  a  single  bolus  of  10  mg/kg  of  PCE  by  gavage. 
Each  point  represents  the  mean  ±  S.D.  value  for  4  rats. 

4.  PCE  concentrations  measured  in  the  liver,  kidney,  brain,  and  lung  of  dogs 
following  administration  of  a  single  bolus  of  10  mg/kg  of  PCE  by  gavage. 
Each  point  represents  the  mean  ±  S.D.  value  for  4  dogs. 

5.  PCE  concentrations  measured  in  the  heart,  muscle,  fat  and  blood  of  dogs 
following  administration  of  a  single  bolus  of  10  mg/kg  of  PCE  by  gavage. 
Each  point  represents  the  mean  ±  S.D.  value  for  4  dogs. 

6.  Model  predictions  of  exhalation  and  metabolism  of  PCE  over  time  following 
ia  administration  of  (a)  rats  po  administration  of  (b)  dogs  with  a  single 
10  mg/kg  bolus  dose  of  PCE. 
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Comparisons  of  the  pharmacokinetics  of  environmental  chemicals  between 
different  species,  dose  levels,  and  routes  of  administration  have  been 
considerably  enhanced  by  the  use  of  physiologically-based  pharmacokinetic  (PBPK) 
models  (Clewell  and  Andersen,  1985).  Similarities  in  the  anatomy  and  physiology 
of  mammalian  species  make  interspecies  extrapolations  (i.e.,  animal  scale-up) 
possible  (Dedrick,  1973;  Boxenbaum,  1984).  Pharmacokinetic  models  developed  in 
a  series  of  species  may  be  scaled  based  on  allometric  relations  to  allow 
prediction  of  chemical  concentrations  in  other  species  without  the  collection  of 
additional  experimental  data.  Model  parameters  such  as  tissue  volumes  and  blood 
flows  can  be  scaled  based  on  allometric  relationships  which  are  functions  of 
animal  weight.  Changing  the  input  parameters  for  the  concentration  of  chemical 
entering  the  exposed  species  allows  for  extrapolations  between  dose.  Altering 
the  point  of  entry  of  the  chemical  into  the  PBPK  model  enables  pharmacokinetic 
comparisons  between  routes  of  administration  using  an  otherwise  similar  modeling 
approach. 

The  accuracy  of  PBPK  model  predictions  of  perchloroethylene  (PCE) 
pharmacokinetics  have  been  evaluated  by  comparison  to  observed  data  under  various 
experimental  conditions.  Ward  et  al.  (1988)  and  Bois  et  al.  (1990)  predicted  the 
rate  of  metabolite  formation  as  related  to  a  range  of  oral  PCE  dosage  and 
compared  the  results  to  data  in  mice  (Buben  and  O'Flaherty,  1985).  Measurements 
of  PCE  metabolite  formation  in  the  urine  of  humans  following  a  range  of 
inhalation  exposure  concentrations  (Ikeda  et  al.,  1972)  and  PCE  exhaled  breath 
levels  following  different  lengths  of  exposure  were  used  to  test  the  ability  of 
a  PBPK  model  to  predict  PCE  pharmacokinetics  over  a  range  of  inhalation  dose 
measures  (Ward  et  al.  ,  1988).  Comparisons  in  the  effective  received  dose  of  PCE 
to  mouse  liver  and  lung  between  inhalation  and  drinking  water  ingestion  have  been 
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made  using  a  PBPK  model  (Travis,  1987).  PCE  metabolite  formation  in  mice,  rats, 
and  humans  has  been  predicted  using  PBPK  models  (Bagen  and  McKone,  1988;  Bois  et 
al.,  1990;  Hattis  et  al.,  1990).  Exhaled  breath  levels  of  PCE  and  certain 
metabolic  parameters  have  been  predicted  and  compared  to  observed  data  for  mice, 
rats,  and  humans  (Chen  and  Blancato,  1987;  Ward  et  al. ,  1988).  In  each  of  these 
studies,  accuracy  of  model  simulations  was  determined  by  comparisons  to  available 
data  published  in  the  literature. 

A  primary  objective  of  the  current  study  was  to  evaluate  the  accuracy  of 
a  PBPK  model  in  predicting  blood  levels  of  PCE  between  species,  exposure 
concentration  and  route  of  administration  in  comparison  to  observed  data  from 
matched  experiments  conducted  for  that  purpose.  Where  possible,  equivalent  doses 
were  administered  in  two  species  of  wide  variation  in  size,  the  rat  and  the  dog, 
and  a  variety  of  doses  used  in  each  species.  These  exposures  were  repeated  using 
two  routes  of  administration,  and  venous  blood  levels  over  time  were  used  to 
document  the  time  course  of  PCE  uptake,  disposition,  and  elimination  under  each 
of  the  experimental  regimens.  The  utility  of  the  PBPK  model  predictions  were 
then  under  a  variety  of  experimental  conditions. 


METHODS 

Male  beagle  dogs  (5-10  kg),  obtained  from  Marshall  Farms  (North  Rose,  NY), 
and  male  Sprague -Dawley  rats  (325-375  g) ,  obtained  from  Charles  River 
Laboratories  (Raleigh,  NC) ,  were  employed  in  these  studies.  The  animals  were 
maintained  on  a  constant  light-dark  cycle,  with  light  from  0700  to  1900  hr  and 
darkness  from  1900  to  0700  hr.  Rats  were  housed  in  stainless -steel  cages  in  a 
ventilated  animal  rack.  Tap  water  and  Ralston  Purina  Formulab  Chow®  were 
provided  ad  libitum.  The  rats  were  used  after  at  least  a  7-day  acclimation 
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period,  at  which  time  they  were  approximately  12  weeks  old.  Dogs  were  housed  in 
dog  runs  and  also  given  a  14-day  acclimation  period,  and  were  fed  Purina  Dog 
Chow®.  Dogs  were  used  between  6-9  months  of  age  and  in  a  weight  range  of  6-15 
kg.  solvent  exposures  were  initiated  between  1000  and  1200  hr  each  day. 

1,1,2,2-Perchloroethylene  (PCE)  (tetrachloroethylene)  of  99%+  purity  was 
obtained  from  Aldrich  Chemical  Co.  (Milwaukee,  WI).  The  purity  of  the  chemical 
during  the  conduct  of  the  study  was  verified  by  gas  chromatography. 

For  the  animals  intended  to  receive  the  ia  dose,  an  indwelling  carotid 
arterial  cannula  was  surgically  implanted  the  day  before  the  exposure.  For 
obtaining  blood  samples  following  compound  administration,  an  indwelling  jugular 
vein  cannula  was  implanted  into  all  the  test  animals.  The  rats  were  anesthetized 
for  the  surgical  procedure  by  im  injection  of  0.8  ml/kg  of  a  mixture  consisting 
of  ketamine  HCl  (100  mg/ml) :acepromazlne  maleate  (10  mg/ml) :xylazine  HCl  (20 
mg/ml)  in  a  proportion  of  3:2:1  (v/v/v) .  The  cannulated  animals  were  allowed 
relative  freedom  of  movement  during  a  24-hr  recovery  period  with  the  cannulas 
protected  from  manipulation  by  surgical  tape  at  the  back  of  the  head.  All 
animals  employed  in  the  kinetic  studies  were  unanesthetized.  PCE  was 
administered  as  a  single  bolus,  either  ia  or  po  at  a  dose  of  10  mg/kg,  using 
polyethylene  glycol  400  volume/kg  bw  as  a  vehicle.  Food  was  withheld  during  the 
18  hour  recovery  period  before  dosing. 

The  rats  and  dogs  were  administered  PCE  at  doses  of  1,  3  or  10  mg/kg.  PCE 
was  administered  as  an  emulsion  of  polyethylene  glycol  (PEG)  in  a  single  bolus 
dose.  The  ia  administration  was  conducted  using  the  carotid  arterial  cannula. 
Oral  doses  were  administered  using  a  gavage  needle  for  rats  and  a  teflon  tube  for 
dogs . 
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Serial  20  fil  blood  samples  were  collected  from  an  indwelling  cannula  in  the 
jugular  vein  at  intervals  up  to  96  hours  following  dosing.  While  rats  exhibited 
only  slight  neurobehavioral  effects  following  PER  ia  administration,  the  dogs 
receiving  the  10  mg/kg  ia  dose  demonstrated  a  very  nigh  degree  of  central  nervous 
system  (CNS)  depression.  Data  for  ia  administration  in  dogs  are  therefore 
presented  only  for  the  1  and  3  mg/kg  dose.  PCE  concentrations  in  the  blood  of 
rats  and  dogs  following  1  mg/kg  oral  administration  rapidly  declined  below  the 
limit  of  detection,  so  data  for  oral  dosing  in  both  species  are  shown  only  for 
the  3  and  10  mg/kg  doseS . 

PER  concentrations  in  the  blood  samples  were  analyzed  by  headspace  gas 
chromatography  (GC) .  The  blood  samples  were  transferred  to  S-ml  headspace  vials. 
These  vials  were  capped  immediately  with  rubber  septa  and  a  spring  washer  and 
crimped  to  insure  an  airtight  seal.  Each  sample  vial  was  then  placed  into  the 
autosampler  unit  of  a  gas  chromatograph  (GC) .  The  limit  of  detection  for  PCE  was 
approximately  1  ng,  or  6 . 7  parts  of  PCE  per  billion  parts  of  air  in  the  sample 
vial . 

A  model  Sigma  300  GC  equipped  with  a  HS-6  headspace  sampler  (Perkin  Elmer 
Co.,  Norwalk,  CT)  was  used  for  the  analysis  of  the  halocarbon.  The  GC  was 
equipped  with  an  electron  capture  detector.  Analyses  were  carried  out  on 
stainless-steel  columns  (182  cm  x  0.317  cm)  packed  with  10%  FFAP  (Alltech 
Associates,  Deerfield,  IL) .  The  GC  operating  conditions  were:  Headspace  sampler 
temperature,  90'C;  injection  port  temperature,  200*C;  column  temperature,  110*C; 
detector  temperature,  400'C;  flow  rate  for  argon/methane  carrier  gas,  60  ml/min. 
Each  sample  vial  was  heated  thermostatically  for  10  min  in  the  GC  autosampler 
unit,  pressurized  for  30  sec  with  the  carrier  gas,  and  injected  automatically  by 
a  solenoid- controlled  mechanism  into  the  GC  column. 
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The  aforementioned  conditions  resulted  in  vaporization  of  the  halocarbons 
in  the  sample  vials,  since  PCE  vas  heated  to  a  temperature  slightly  below  its 
boiling  point,  and  "he  vial  subsequently  pressurized  and  vented  into  the  GC. 

The  blood  concentration- time  data  were  evaluated  by  Lagran  (M.  Rocci  ano 
W.J.  Jusko)  computer  programs  for  the  assessment  of  the  appropriate 
pharmacokinetic  model  and  calculation  of  relevant  pharmacokinetic  parameters. 

The  disposition  of  PCE  in  the  rat  and  the  dog  was  predicted  using  a 
physiologically-based  pharmacokinetic  (PBPK)  model  for  po  (Fig.  la)  and  ia  (Fig. 
lb)  administration.  It  was  similar  to  PBPK  models  previously  developed  by  Angelo 
and  Pritchard  (1984)  and  Ramsey  and  Andersen  (1984)  for  other  VOCs ,  in  that  it 
provided  for  inhalation  and  exhalation  through  a  lung  compartment,  metabolism  in 
a  liver  compartment,  and  blood-flow-limited  organ  representations.  The  model  for 
po  administration  differed  from  that  for  ia  administration  in  the  inclusion  of 
a  gastrointestinal  (GI)  compartment  with  a  separate  blood  flow  and  a  rate  of  oral 
absorption  (ka)  dictating  uptake  of  the  PCE.  Otherwise,  the  same  model  was  used 
for  both  routes  of  administration.  The  current  model  differed  primarily  in  that 
it  included  a  greater  number  of  tissue  compartments.  Values  determined  in  this 
laboratory  were  employed  for  tissue  volumes  and  blood  flows  (Delp  et  al . ,  1991) 
and  alveolar  ventilation  (Dallas  et  al.,  1991)  for  the  male  Sprague -Dawley  rat. 
In  vivo  tissue :blood  partition  coefficients  were  calculated  from  ia  data  (rat) 
or  oral  data  (dog)  obtained  in  the  present  study  by  the  area  method  of  Gallo  et 
al.,  (1987).  The  metabolic  parameters  K„  and  Vp,„,  and  bloodtair  coefficients 
were  estimated  from  the  observed  data  by  nonlinear  regression  analysis. 
Parameters  f  and  K,  were  estimated  from  oral  data  by  fitting  of  the  blood  and 
liver  concentration  versus  time  data  for  both  species.  Tissue  volumes  and  blood 
flows  for  the  dog  were  obtained  from  the  literature.  Sources  of  tissue  voltunes 
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were  as  follows;  liver,  heart,  lung,  muscle,  and  blood  (Andersen  1970),  kidney 
(Spector,  1956),  and  fat  (Sheng  and  Huggins,  1971).  Sources  of  blood  flows  were 
as  follows:  liver  (Liang  et  al.,  1982),  kidney,  muscle,  and  brain  (Humphrey  and 
Zins,  1983),  cardiac  output  (Andersen,  1970),  fat  (Nagasaka  et  al . ,  1976),  and 
heart  (Liard  et  al.,  1982).  Values  for  alveolar  ventilation  in  the  dog  were 
taken  from  the  publication  by  Andersen  (1970) . 

The  area  under  the  concentration- time  curve  (AUC)  for  blood  and  tissues  was 
determined  from  the  time  of  administration  to  infinity.  Total  body  clearance  was 
determined  as  the  dose  divided  by  the  blood  AUC  in  each  species.  Bioavailability 
was  calculated  by  AUC  po/AUC  ia.  The  maximum  concentration  reached  in  blood  and 
tissues  (Cmax)  and  the  time  after  dosing  that  it  occurred  (Tmax)  were  determined 
by  observation  of  the  available  data  points . 

Differential  mass  balance  equations,  incorporating  the  parameters  listed 
in  Table  1,  that  described  the  transport  of  PCE  in  the  rat  and  the  dog  were 
numerically  integrated  with  the  Advanced  Continuous  Simulation  Language  (ACSL) 


RESULTS 

Comparisons  between  the  pharmacokinetic  parameters  following  different 
doses  and  routes  of  aci..5inistration  are  shown  in  Table  2  for  rats  and  Table  3  for 
dogs .  Following  oral  administration  in  rats ,  the  maximum  tissue  concentration 
(Cmax)  was  achieved  between  20  and  40  minutes  at  all  three  doses.  The  AUC 
achieved  was  approximately  proportionate  to  the  three  po  doses  employed  in  the 
rat  and  to  the  two  ia  doses  employed.  The  th  was  significantly  longer  in  the  po- 
dosed  rats  than  in  those  receiving  ia  administration  at  a  dose  of  3  mg/kg 
(p<0.05)  and  at  10  mg/kg  (p<0.01). 
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The  AUC  was  not  proportionate  to  dose  in  iogs,  with  a  2-fold  difference 
between  3  and  10  mg/kg  doses  for  la  administration  and  a  4. 3 -fold  difference 
between  the  1  and  3  mg/kg  po  doses.  The  AUC  was  therefore  approximately  50% 
lower  and  higher  than  expected  for  the  ia  and  po  dose  comparisons,  respectively. 
The  Cmax  achieved  following  ia  administration  was  7  times  higher  for  the  3  mg/kg 
dose  than  for  1  mg/kg,  and  50%  lower  than  would  be  expected  for  a  proportional 
comparison  between  the  3  and  10  mg/kg  po  doses.  The  th  values  for  po  and  ia 
administrations  at  the  same  dose  (3  mg/kg)  were  not  significantly  different. 

For  an  equivalent  dose  and  route  of  administration,  the  AUC  in  dogs  was 
essentially  twice  that  observed  in  rats.  Comparisons  of  th  between  species 
reveal  significantly  higher  values  (p<0.001)  for  po  and  ia  administrations  at  the 
3  mg/kg  dose,  but  there  was  not  a  significant  difference  between  species  at  the 
10  mg/kg  po  dose.  The  Cmax  achieved  in  dogs  was  approximately  3. 1-3. 5  times  that 
in  rats  for  an  equivalent  ia  and  po  dose  at  3  mg/kg,  but  was  not  significantly 
different  at  the  10  mg/kg  dose.  Bioavailability  of  PCE  was  essentially  100%  at 
the  3  mg/kg  dose  in  dogs,  and  slightly  lower  in  rats. 

Predictions  of  PCE  blood  concentrations  over  the  time  following  ia 
administration  are  compared  to  experimentally  determined  (i.e.  ,  observed)  values 
for  three  doses  in  the  rat  in  Fig.  2.  Over  the  10-fold  range  of  doses  employed, 
concentrations  of  PCE  in  the  venous  blood  were  well  predicted  by  the  model.  A 
slight  overprediction  during  the  initial  phase  of  rapid  decline  in  the  blood  was 
followed  by  model -generated  concentrations  that  were  in  close  agreement  with  the 
observed  values  during  the  terminal  elimination  phase  at  all  three  doses. 

Observed  and  predicted  concentrations  in  the  venous  blood  of  dogs  are  shown 
for  ia  administration  with  PCE  in  Fig.  3.  A  consistent  overprediction  of  PCE 
blood  concentration  is  shown  relative  to  the  observed  data  at  the  3  mg/kg  dose. 
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The  same  is  true  for  the  1  mg/kg  dose  during  the  rapid  elimination  phase ,  though 
the  potential  for  somewhat  closer  predictions  in  the  terminal  elimination  phase 
are  obscured  by  the  inability  to  completely  procure  samples  past  10  hour  due  to 
the  limit  of  detection  of  the  assay. 

Model -generated  and  observed  blood  PCE  concentrations  were  compared  for 
three  doses  following  oral  administration  in  the  rat  (Fig.  4) .  At  all  three 
doses  there  was  a  pattern  of  a  slight  overprediction  at  the  peak  blood  levels 
that  was  followed  by  observed  values  that  were  in  close  agreement  with  the 
predictions  during  the  initial  part  of  the  rapid  elimination  phase.  Later 
predictions  during  the  time  course  were  overpredicted,  except  for  the  terminal 
elimination  phase  at  the  highest  dose  employed  (10  mg/kg)  where  there  was  quite 
good  agreement  with  the  observed  values. 

Following  oral  administration  of  PCE  in  the  dog,  model-predicted 
concentrations  were  higher  than  the  observed  values  for  both  concentrations 
during  the  rapid  elimination  phase  for  which  data  were  available  (Fig.  5). 
During  the  terminal  elimination  phase,  predicted  PCE  blood  concentrations  were 
increasingly  overpredicted  over  the  time  course  at  the  10  mg/kg  dose.  Following 
the  3  mg/kg  dose,  however,  mode...  predictions  were  in  fairly  dose  agreement  with 


the  observed  values . 
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Table  1 

Parameters  Used  in  the  Physiologically  Based 
Pharmacokinetic  Model  for  PCE  in  the  Rat  and  the  Dog 


Parameter 

Body  Weight  (kg) 

Rat 

Dog 

Tissue  volumes  (ml) 

Percentage  of  Body  Weight 

liver 

3.39 

4.22 

kidney 

0.77 

0.6 

fat 

5.0 

15.2 

heart 

0.33 

1.13 

lung 

0.37 

0.66 

muscle 

35.36 

46.8 

brain 

0.6 

0.75 

blood 

7.40 

8.19 

rest  of  body 

46.78 

22.45 

Alveolar  ventilation  (ml/min)  1.54 

(ml/min* g) 

BW(g)°” 

2.576  (ml/min*g)  BW(g)°-^^ 

Cardiac  output  1 . 57 

(ml/min* g) 

BW(g)0” 

1.05  (ml/min*  g)  BW(g)°-^® 

Percentage  of 

Cardiac  Output 

Blood  flows  (ml/min) 

liver 

15.73 

5.12 

kidney 

13.13 

10.1 

fat 

6.56 

5.02 

heart 

4.73 

3.37 

lung 

100 

100 

muscle 

26.11 

40.59 

brain 

2.21 

3.12 

blood  100%-!. 57  (ml/min*g)  BW(g)‘>-^5  ioo%-2.05  (ml/min»g)  BW(g)°  ” 

rest  of  body 

31.53 

32.68 

Partition  Coefficients 

Blood:air 

19.6 

40.5 

Fat :blood 

152.5 

63.2 

Lang: blood 

2.47 

0.97 

Liver ; blood 

5.25 

1.64 

Muscle : blood 

2.98 

1.9 

Brain:blood 

4.37 

2.66 

Heart :blood 

2.68 

1.74 

Kidney : blood 

4.45 

1.49 

Rest  of  body:blood 

2.98 

1.9 

Metabolism  constants 

Vmax  (/ig/min) 

0.15 

0.85 

Km  (pg/ml) 

0.019 

0.023 
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SECTION  F 

TISSUE- CONCENTRATION  TIME  COURSE 
DATA  FOR  TET  IN  RATS  AND  DOGS 


PHARMACOKINETIC  PARAMETERS 
TET  INTRAARTERIAL  ADMINISTRATION  (10  MG/KG):  RATS 


AUC 

lYj 

Cmax 

ug*min/g 

min 

ug/g 

LIVER 

794.3 

97.0 

20.0 
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829.8 

93.7 

26.1 

FAT 

10277.2 

164.0 

65.0 

HEART 

650.5 

105.7 

21.9 

LUNG 

400.9 

89.6 

8.5 

MUSCLE 

381.1 

106.1 

4.7 

BRAIN 

510.0 

83.9 

12.9 

BLOOD 

248.3 

70.5 

5.5 

TET  ORAL  ADMINISTRATION  (10  mg/kg) 

=  RATS 

AUC 

t/j 

Cmax 

ug*min/g 

min 

ug/g 

LIVER 

290.0 

61.8 

4.8 

KIDNEY 

131.2 

63.6 

1.8 

FAT 

2108.3 

216.0 

6.1 

HEART 

111.6 

65.8 

1.8 

LUNG 

77.8 

49.0 

1.4 

MUSCLE 

75.2 

91.1 

0.8 
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BLOOD 

65.5 

58.6 
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SECTION  G 

PBPK  MODEL  PREDICTIONS  FOR  TET  IN  THE 
VENOUS  BLOOD  OF  RATS  AND  DOGS 


Parameters  Useil  in  the  Physiologieally  Based 
Pharmaeokinelic  Model  for  TET  in  the  Rat  and  the  Dog 


Parameter 

Rat 

Dog 

Tissue  volumes  (ml) 

liver 

11.3 

451.5 

kidney 

2.5 

64.2 

fat 

6.6 

1626.4 

heart 

1.09 

120.9 

lung 

1.2 

70,6 

muscle 

117.4 

5007.6 

brain 

2.0 

80.3 

blood 

24.6 

876.3 

rest  of  body 

155.3 

2402.1 

Alveolar  ventilation  (ml/min) 

124 

2710 

Blood  flows  (ml/min) 

liver 

19.2 

110.5 

kidney 

16.0 

217.8 

fat 

8.0 

108.4 

heart 

5.76 

72.6 

lung 

100 

100 

muscle 

31.8 

875.3 

brain 

2.70 

67.3 

blood 

121.8 

2156.7 

rest  of  body 

38.4 

32.68 

Partition  Coefficients 

Blood:air 

7.5 

12.3 

Fat;blood 

41.4 

64.2 

Lungrblood 

1.81 

1.60 

Liver:blood 

3.66 

2.6 

Musclc:blood 

1.53 

5.88 

Brain;bIood 

2.09 

2.77 

Ilcartrblood 

2.62 

4.24 

Kidncy.blood 

3.34 

2.41 

Rest  of  body.blood 

1..53 

5.88 

Metabolism  constants 


Vmax  (/ig/min) 

0.14 

3.80 

Km  (/rg/ml) 

0.017 

1.24 
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APPENDIX 


SECTION  H 

COMPARISON  OF  NEUROBEHAVIORAL  EFFECTS  OF  TRI  OVER  TIME 
WITH  BRAIN  DISPOSITION  DURING  INHALATION  EXPOSURE 
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